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Abstract 
Title of Thesis: Flow Fields Past Grain Bins as it Relates to Vertical Axis Wind Turbine Placement 
Optimization 
Degree candidate: Jon Richter 
Degree Program: Mechanical Engineering 
Minnesota State University, Mankato. Mankato, MN, 2019 
 
This thesis studies the 3D flow field of grain bins as it relates to Vertical Axis Wind 
Turbine (VAWT) placement. Numerical CFD simulations using ANSYS FLUENT were created and 
validated with the Minnesota State University, Mankato water channel. It was found that the 
best speed-up regions were on the outer most sides of the models, closest to the walls of the 
water channel. The model that is furthest upwind in the group has the best speed-up velocity. 
As the models become closer together, an asymmetric flow field develops. VAWT placement 
between the models for any case researched is not recommended. For all cases, the best speed-
up region VAWT placement is at 33.3 ft height at a 5° downstream angle from the center of the 
grain bin and 10.6 ft from the wall of the grain bin. A speed-up coefficient of 1.09 was found. An 
economic study was done for Case 1 with proper VAWT placement leading to a net income 
percent increase of 14.97%. Finally, three heights were tested and general guidelines on how to 
place VAWTs behind grain bins were created.   
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Nomenclature 
 
VAWT   Vertical axis wind turbine 
HAWT   Horizontal axis wind turbine 
CFD   Computational fluid dynamics 
ABL   Atmospheric boundary layer  
TKE   Turbulent kinetic energy 
𝑅𝑒   Reynolds number   
𝑢   Flow velocity in the x-direction  
𝑣   Flow velocity in the y-direction 
𝑤    Flow velocity in the z-direction 
𝐿   Characteristic length 
𝑣   Kinematic viscosity 
𝐶𝑓   Skin friction coefficient  
𝜏𝑤𝑎𝑙𝑙   Wall shear stress 
𝜇∞   Freestream velocity along the x axis 
𝜌   Density 
𝑦+   Dimensionless distance from wall 
∆𝑠   First layer boundary layer mesh height  
𝑝   Hydrostatic pressure 
u0zy   Measurement uncertainty on z and y axes 
u0x   Measurement uncertainty on x axis 
uv   Measurement uncertainty in experimental velocity data 
n   Number of data points 
σ   Standard deviation 
PE   Percent error 
PEabs   Absolute value percent error 
 
 
AE   Absolute error 
SST   Shear-stress-transport turbulence model  
RS- ω    Reynolds stress-K-ω turbulence model 
RS-BSL    Reynolds stress-baseline K-ω turbulence model 
u′   Instantaneous flow velocity in the x-direction 
𝑢∗   Friction velocity 
𝑘   Von Karman’s constant 
𝑦   Height  
𝑧0   Aerodynamic surface roughness length 
ℎ    Equilibrium boundary layer height 
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Chapter 1: Introduction 
As the need for renewable energy increases, a greater diversity of wind turbines is also 
needed to extract wind energy throughout different terrain types. Using vertical axis wind 
turbines (VAWTs), non-uniform and turbulent environments such as urban flow fields that were 
previously unusable due to cost, safety, turbulence, etc. can now be used to efficiently gather 
wind energy. While the design of VAWTs has been well refined, the placement of VAWTs within 
less populated terrain types, such as residential and rural areas is still in its infancy. Well 
optimized VAWT placement in these new flow fields is essential for maximum power 
generation. This thesis will look at rural flow fields typically found in southern Minnesota which 
mainly consists of agricultural sites. These sites typically have barns and equipment sheds which 
have highly researched rectangular building geometry. The cylindrical grain bins also located on 
these sites present a unique geometry not previously studied for VAWT placement. For this 
reason, grain bins will be focused on in this work with cases including single, dual, and triple 
grain bin layouts. The data gathered will help to increase the output generation capabilities of 
VAWTs installed near grain bins. 
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Chapter 2: Background and Literature Review 
Horizontal Axis Wind Turbines (HAWTs) have become the image of wind energy in the 
Midwestern United States, where their design makes them ideal for operation in open plains. 
With the push for more renewable energy, a new player is becoming more popular as we look to 
expand our capabilities of harnessing wind energy. The Vertical Axis Wind Turbine (VAWT) has a 
unique design that allows it to function in a much more turbulent flow than a HAWT. While 
most of the Midwest is open plains, more attention is being put on the developed areas. 
Brussel [1] shows that the design of the VAWT has great potential here. In addition to working in 
different environments, VAWTs are cheaper to install and maintain because they are typically 
smaller than HAWTs and the generator is placed at ground level instead of at the top of the 
tower.      
There are two types of VAWTs, lift-based and drag-based. Lift-based turbines will be 
focused on in this thesis. Lift-based VAWTs have a greater potential to be more efficient since 
the blades can rotate faster than the wind speed whereas the drag based VAWT blades can only 
rotate up to the same speed of the wind. The design parameter which determines this effect is 
known as the tip-speed ratio. The two most common lift-based VAWTs are helical, also called 
Darrieus, and straight bladed or H-Type. For both cases, three-bladed designs are a typical setup 
as shown on the helical VAWT in Figure 1.   
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Figure 1. Darrius VAWT [2] 
VAWTs come in many different sizes. Based on various VAWT manufacturers and energy 
agencies, VAWT size groups are typically 0.01–10 kW, 10–30 kW, and 30–100 kW for the small, 
medium, and large sizes respectively [3]–[19]. These groups include the commercial VAWTs as 
well. Looking at purely residential sized VAWTs, most are below 10 kW power rating and there is 
a subdivision with small residential, also called micro, below 2 kW and medium residential 
between 2 kW and 10 kW [3]–[9]. When looking at a typical farm site, a residential medium 
sized VAWT would be the recommended size. The large VAWT group has a calculated average 
install height of 72 ft which is higher than typical farm buildings and would be very expensive to 
install. A small VAWT might not generate enough energy to meet farm site requirements. 
According to the U.S. Energy Information Administration, the average annual household usage 
for 2017 was 10,399 kWh annually and it can be assumed that farm sites will use more than 
that [20]. A small VAWT might not get high enough above other obstacles since it has an average 
install height of 22 ft. Averaging the information found, the profile of a typical medium sized 
VAWT is shown below in Table 1. This will be the reference VAWT for this thesis.    
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Table 1: Reference medium VAWT profile 
Turbine 
Height 
Turbine 
Diameter 
Rated 
speed 
Cut-in 
Speed 
Cut-Out 
Speed 
Rated power 
@ 34ft/s 
Rated power 
@ 10ft/s 
13.45 ft 10.5 ft 34 ft/s 10 ft/s 66 ft/s 4.3 kW 1.75 kW 
 
Given the information on Table 1, another important parameter used in this thesis, called the 
swept area, can be calculated. Swept area was used in the software RETScreen to calculate 
power output for the VAWT. This was used to perform the economic study discussed in 
Section 11.3. Using Equation 1, a swept area of 141.225 ft2 was found. 
𝑆𝑤𝑒𝑝𝑡 𝐴𝑟𝑒𝑎 = (𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟)(ℎ𝑒𝑖𝑔ℎ𝑡)  =  141.225 𝑓𝑡2  (1) 
 
VAWTs have been proven to be capable of harnessing wind energy economically within 
areas that have many different obstacles within the vicinity of the turbine that cause an almost 
entirely turbulent flow around the turbine. While the VAWT can gather power in a turbulent 
flow environment, there are limits to how much turbulence a VAWT can handle. A more 
turbulent environment is known to shorten the lifespan of the VAWT [21]. The details of how 
the turbulence effects the VAWT and its lifespan are not researched in this paper, but from the 
previous research done, ideal placement locations of VAWTs are those with the highest flow 
velocity and lowest turbulence. Shaheen [22] shows that VAWTs can benefit from other VAWTs 
in the vicinity as well. The turbine can also work in a multidirectional flow more economically 
than a HAWT. This is possible since the VAWT can work with any freestream flow direction 
without needing to be rotated or readjusted. An example of an object laden, non-uniform, 
turbulent flow where a VAWT can produce more power than a simple obstacle free uniform 
flow is shown in Figure 2 [23] [24].  
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Figure 2: Turbulent flow with object example [23]  
 
This type of flow has the potential to greatly increase the power generation of a VAWT if 
placed correctly. Many numerical studies have looked at placement optimization, but most are 
focused on wind farms, rooftop placement, or urban high-rise building environment. High-rise 
building rooftop integration is popular, and many articles look at turbine performance on 
rooftops for certain building layouts [25]. 
There is a void when it comes to rural flow fields, such as, free-standing VAWTs placed 
on farm sites. When talking about farm sites, there are two main types of buildings, the house 
and barn, which have rectangular geometry, and grain bins which have cylindrical geometry as 
shown in Figure 3.  
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Figure 3. Typical steel grain bin [26] 
Numerical studies have been conducted which discuss flow around residential buildings 
and how wind turbines might be placed based on the flow field results [27] [28]. Numerical 
design studies of residential buildings have also been done to enhance flow between the 
buildings for better wind turbine power output [29] [30]. There are previous experiments that 
use anemometer towers to measure wind flow around buildings, most of these are larger 
buildings and not residential [31]. Additionally, roof pitch on residential buildings in relation to 
VAWT placement has been studied by White [32]. The closest related geometries previously 
researched are 3D cylinders. While flow past 3D cylinders is well known, previous research did 
not test with an atmospheric boundary layer which could affect the flow field. There is also 
research about 3D flow over different cylinder ends which again provide an insight as to the 
flows to expect [33] [34]. Numerical research of different wind angles past different shapes has 
been done and has shown that more rounded shapes have a better wind speed-up between two 
objects placed side-by-side and through more angles of wind direction [35]. To date, no previous 
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experimental based research on flow fields around grain bins as related to placement 
optimization of VAWTs has been found. Previous experimental work has been done on HAWTs, 
however, since they are typically installed in freestream flows, the impact obstacle laden flow 
fields with respect to HAWT placement has not been studied. Therefore, flow field research with 
the intent of VAWT placement must be done for the most accurate results. Since each flow 
environment has slightly different characteristics, only after all flow environments are tested 
and VAWT placement optimized will VAWTs be able to be used to their full potential.     
When looking at two or more grain bins in the flow, previous research has looked at 
several different cylinder patterns and their 2D flow [36] [37]. Two important differences make 
previous research on multi-cylinder patterns unusable for direct application of VAWT 
placement. First, most research keeps the same flow direction and only changes the patterns. 
This does not account for the variability in wind direction with each pattern. Using the 
Midwestern Climate Center database, while an average wind direction does exist, there is 
a ± 30° range which needs to be accounted for as shown by the wind rose for the Fairmont, MN 
airport in Figure 4 [38]. 
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Figure 4: Wind rose for Fairmont, MN airport at height of 33 ft [38] 
 
 The other difference is the 3D effects caused by the roof of the grain bin. As the wind 
direction changes, flow influences from grain bins will change as their position relative to the 
oncoming flow changes. Applying these differences will allow a more accurate and direct 
application to VAWT placement.  
Research as part of this study on standard grain bin sizing and layouts was also done. 
Most modern grain bins being constructed are corrugated steel types as shown in Figure 3. It 
has been decided that only this steel type will be looked at since the taller, skinnier grain silo is 
becoming less popular in Minnesota as grain yield has increased while haylage and silage have 
decreased over the years [39]. Looking at different sizing specifications, there are too many 
different options to be able to cover the entire height and diameter spectrum. It is possible to 
come up with a standard small, medium, and large size from looking at the overall trends of 
sizes purchased. Manufacturers including Sioux Steel, Sukup, Superior, GSI, and Brock were 
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researched, and standard dimensions were found. Types of bins including reinforced or 
stiffened, commercial sized, and hopper were not looked at during the sizing research. Heights 
were chosen based on standard maximum available height for the given diameter. Small, 
medium, and large bin dimensions (diameter × height) tend to be 15 ft × 40 ft, 27 ft × 45 ft, and 
48 ft × 51 ft, respectively [40]–[44]. The aspect ratio is the important difference between the 
sizes, which changes from 2.6 through 1.06 as the grain bins become larger. Previous research 
has shown that the flow field changes with aspect ratio for rounded and rectangular geometry 
and that experimenting with all three aspect ratios would most accurately predict VAWT 
placement [29] [30] [36]. The number and arrangement of groups of grain bins will have a more 
significant impact on VAWT placement and will therefore take priority in this thesis with only 
the medium sized grain bin being looked at with the different sizes and aspect ratios being left 
as future steps.   
Before placement can be optimized, one factor that needs to be considered is the 
restriction of VAWT placement due to governmental ordinances that specify minimum distances 
from nearest buildings, power lines, etc.; maximum sound level restrictions; and other 
requirements of wind turbine placement. Many different zoning ordinances are in place, but 
they have rules following a standard similar to what the Distributed Wind Energy Association 
has created [45]. One possible work around may be to mount the VAWT to the side of the grain 
bin and thus possibly avoiding many zoning rules about pole mounted VAWTs.  
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Chapter 3: Theory of scalability  
To relate the experimental results gathered to real life applications, some form of non-
dimensionalization needs to be performed. In this situation, because a water channel was used 
for experiments, information needs to be transferred across the fluid change from water to air 
and the sizing differences between the models and full scale. The non-dimensional term known 
as Reynolds number, which determines whether flow is turbulent or not, will be used for the 
non-dimensionalization. The equation for Reynolds number is shown below in Eq. 2 and has 
terms for unit length, velocity, and kinematic viscosity which allow the information transfers 
needed.  
𝑅𝑒 =
𝑢 𝐿
𝑣
      (2) 
 
 
The full-scale sizing of the medium grain bin, as discussed earlier, will be used with the 
reference length being the diameter of the bin or 27 ft. The experimental reference length will 
be the diameter of the model bin which is 3 in. (0.25 ft). The velocity of the experiments will be 
a constant with an average of 1.3157 ft/s. The full-scale velocity used is the velocity calculated at 
the height of the medium grain bin by combining experimental data and numerical models to 
interpolate the data. At the height of 45 ft, a velocity of 16.6 ft/s was found. The reader is 
referred to Section 11.3 for the full-scale velocity calculations. Inputting the reference lengths 
and the water and air characteristics, the Reynolds numbers can be calculated.  
(16.6𝑓𝑡𝑠 )(27𝑓𝑡)  
1.63𝐸−4𝑓𝑡
2
𝑠  
|
𝑓𝑢𝑙𝑙−𝑠𝑖𝑧𝑒𝑑
= 2.75 × 106 ,     
(1.3157𝑓𝑡𝑠 )(0.25𝑓𝑡)  
1.05𝐸−5 𝑓𝑡
2
𝑠
|
𝑚𝑜𝑑𝑒𝑙
= 3.13 × 104 
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Ideally, the Reynolds numbers should be matching to directly convert and apply 
experimental data to full scale case studies. However, this is not the case. Due to experimental 
limitations, the Reynolds numbers differ by two orders of magnitude.  According to Dommelen, 
if the fluid has the correct turbulence properties this discrepancy can be allowed [46]. Research 
has also shown that wake effects behind VAWTs can be close to Reynolds number 
independent [47]. The turbulence properties will be controlled via roughness elements which 
are able to create turbulent flows that have the correct flow profile at lower Reynolds numbers. 
Previous research has used the same technique to look at turbulent boundary layers while 
running lower Reynolds numbers [48]. 
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Chapter 4: Initial Water Channel Numerical Setup 
4.1 Hardware and Software 
ANSYS Design Modeler 19.1 was used to create the fluid domains, ANSYS Mesher 
version 19.1 was used to create the meshes, with ANSYS FLUENT Version 19.1 used to perform 
the CFD simulations. The simulations were run on a Dell 1920 Workstation using two Intel® 
Xeon® Gold 6146 CPUs with 192 GB of memory in hex-channel configuration with Hyper-
Threading turned off and turbo boost enabled as recommended [49] [50].  
Since the interest of this research is to find average flow fields and turbulence values, 
steady-state simulations were run. A list of the general settings consistent for all simulations is 
shown below:  
 Pressure based 
 SIMPLE solve scheme 
 Turbulent viscosity ratio: 10 
 Turbulent intensity: 5% 
 Water Density: 998.2 kg/m3 
 Velocity inlet 
 Pressure outlet 
 Zero roughness height on walls and grain bin models 
 No-slip condition on walls and grain bin models  
4.2 Initial Geometry Setup 
The grain bin numerical model is shown below. To reduce cell count and problem 
complexity, the corrugation of the walls was not modeled. The eve of the grain bin was also 
adjusted to reduce the angle at the edge to create a better, less skewed, boundary layer mesh 
as is shown in Detail B in Figure 5.    
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Figure 5. Drawing of grain bin numerical model 
The first iteration of the overall geometry setup included the roughness elements in the 
layout identical to the setup in the experiments. The velocity inlet was extended in front of the 
roughness elements to help with stability in the numerical simulation. Hexagon cross sections on 
the roughness elements were used instead of round to reduce the mesh requirements for 
numerical simulation (Figure 6). The full water channel assembly is shown below in Figure 7. The 
reader is referred to Section 6.4 for the placement considerations of the model. This was then 
imported into ANSYS Design Modeler and a fluid volume was created around it. The imported 
geometry was subtracted out of the fluid volume. An extension of 108 in. was added to the 
downstream side of the geometry to help with simulation stabilization. Since ANSYS defaults to 
metric units, a fluid height of 0.3 m (11.81 in.) was chosen for cleaner calculations. 
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Figure 6. Drawing of roughness elements CAD model 
 
Figure 7. Drawing of water channel assembly 
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4.3 Initial Mesh Setup 
An unstructured tetrahedral mesh was used. A symmetry plane was used on the xy-
plane, slicing the geometry lengthwise. This reduced the simulation requirements by half. Near 
wall y+ was calculated using Frank M. Wright’s flat plate boundary theory [51]. 
𝐶𝑓 =
0.026
𝑅𝑒1/7
      (3) 
𝜏𝑤𝑎𝑙𝑙 =  
𝐶𝑓𝜌𝑢∞
2
2
     (4) 
𝑢∗ =  √
𝜏𝑤𝑎𝑙𝑙
𝜌
      (5) 
∆𝑠 =  
𝑦+𝜇
𝑢∗𝜌
      (6) 
 
The first layer height (∆𝑠) was calculated to be 1.03 × 10−4 m. Ideally, 20 or more boundary 
layers should be used for greatest mesh accuracy, however only 15 layers were able to be 
created before meshing issues arose. Table 2 shows the initial mesh statistics. 
Table 2: Initial mesh statistics 
Element type 1st layer height 
Number of 
boundary layers 
Number of Elements 
Tetrahedral 0.95 × 10−4 m 15 39 million 
 
4.4 Symmetry Plane Simulation 
Initial research of turbulence models showed that the K-ε, K-ω and four equation 
transition SST models may be used. The geometry setup from Figure 7 and mesh setup from 
Table 2 for all the following tests. The K-ε model diverged quickly with turbulent viscosity issues. 
The SST and K-ω models both converged. An initial test starting directly with 2nd order accuracy 
caused the solution to not converge after 2300 iterations. Another test starting with 1st order 
and switching to 2nd order did produce a converged solution after 287 iterations. While this 
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setup method did converge when run, it did not produce realistic results for both SST and K-ω 
models. Figure 8 shows a velocity contour plot with the solution mirrored on the symmetry 
plane. A decrease of flow velocity in the middle of the upstream flow appears. This is not 
physically correct as a wall-bounded flow should have its highest velocity in the middle of the 
flow.  
 
Figure 8: Symmetry plane simulation velocity contour plot at 3.33 in. height 
 
4.5 Second Mesh Setup 
A full geometry unstructured tetrahedral mesh without symmetry plane was created. 
The same first layer height was used. The number of boundary layers had to be reduced to 12, 
face sizing on water channel walls and interior sizing was doubled in size to keep mesh within 
hardware limits. Table 3 shows the mesh statistics with Figure 9 and Figure 10 showing the 2nd 
mesh.  
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Table 3: Mesh 2 statistics 
Element type 1st layer height 
Number of 
boundary layers 
Number of Elements 
Tetrahedral 0.95 × 10−4 m 12 61 million 
 
 
Figure 9: Interior surface mesh of 2nd setup 
 
 
Figure 10: Volume mesh on zy-plane through the center of the model 
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4.6 Second Mesh Simulation Setup 
Initial tests showed very high instability in the simulation. Reduced relaxation factors 
were used as shown in Table 4. Factors not listed below were left at their default settings. A 
more stable simulation was achieved, but only first order convergence. The 1st order solutions 
did not introduce as much turbulence into the problem as 2nd order solutions did which resulted 
in a simulation too unsteady to solve using the steady-state method. This is shown in Figure 11, 
the switch from 1st to 2nd order happens at 2680 iterations which causes the residuals to 
increase and stabilize much higher than 1st order. The velocity monitor in Figure 12 shows the 
2nd order velocity fluctuations that are happening in the simulation, these do not reduce over 
the course of the simulation.  
Table 4: Initial reduced relaxation factors 
Pressure Momentum TKE Specific dissipation Rate 
0.2 0.5 0.5 0.5 
 
 
Figure 11: Residuals plot of full mesh simulation 
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Figure 12: Velocity monitor at centerline point in wake region behind model 
 
4.7 Initial Results and Conclusions 
After these runs, it was clear changes had to be made to help stabilize the simulation 
further. Ideas on how to increase stability were the following: 
1) A refinement region around the model was unable to be made when the roughness 
elements were directly meshed due to hardware limitations, a new mesh setup was 
needed so a refinement of the model wake region could be done.  
2) A smoother mesh sizing transition needed to be implemented. 
3) The top boundary condition needed to be researched further and moved farther 
away from the model. 
4) The overall length of the test section needed to be longer.  
5) The hydrostatic pressure of the water had to be modeled with gravity turned on.  
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 4.8 Top Boundary Condition  
The water channel used for experiments only has three walls. This means there is a 
multiphase water-air interaction happening at the top surface. To reduce computation time, 
simplification of the top surface while keeping accuracy was desired. The first simplification was 
to assume the top surface interaction had no effect on the results of the experiments if there 
was enough distance between the model and the top surface. This meant the top boundary had 
to be put farther away from the model. The second simplification was to make the top boundary 
condition something other than a true multiphase interaction. According to the ANSYS FLUENT 
user guide, both a symmetry condition and a zero-shear stress wall condition could be used [52]. 
A simulation without the model in the water channel was run using the same setup as described 
in the full mesh simulation with an inlet velocity of 0.4 m/s. Second order convergence was 
achieved for both the symmetry and zero-shear wall boundary conditions. Centerline velocity 
profiles at nine locations starting at 14.3175 in. from the inlet of the water channel were 
compared to previous experimental data at the same locations. Figure 13 and Figure 14 show 
the numerical results of the symmetry and zero-shear wall conditions respectively with Figure 15 
showing the experimental data.  
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Figure 13: Symmetry boundary condition velocity profile results at Centerline profile location 
(2nd order accurate) 
 
 
Figure 14: Zero-shear wall boundary condition velocity profile results at Centerline profile location 
(2nd order accurate) 
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Figure 15: Experimental Centerline data from water channel measured from inlet: averaged from 10 Hz 
sampling rate over 1-minute timespan (see Appendix 1 for raw data)  
 
While the experimental data used for this test is in error with respect to the height at 
which it was recorded (see Section 6.2 for more information), the trends are what is being 
compared. Therefore, adjusting the data down will not affect the result that the zero-shear wall 
boundary condition aligns more closely with the experimental data and will be used for the final 
numerical setup.  
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Chapter 5: Final Water Channel Numerical Setup 
5.1 Geometry Setup 
Roughness elements were removed, and a simple face inset in the bottom of the 
channel covering the same surface area was created so wall roughness properties could be 
applied to it. A rectangular body was added around the model to be used in meshing as a body 
of influence for mesh refinement as shown in Detail A in Figure 16. The height and length of the 
test section were both increased. Shown below is the final geometry setup (Figure 16).  
 
Figure 16: Final water channel geometry: Case 1 
5.2 Mesh Setup 
An unstructured mesh was again used for the final setup. The switch from tetrahedral to 
polyhedral cells was made. The initial mesh was created using tetrahedral elements and then 
converted. This is because polyhedrons are not an option within the ANSYS Mesher and must be 
created within FLUENT. It is important to note that all statistics about the meshes moving 
forward are associated with the initial tetrahedral mesh.  
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Inflation layers were removed from the walls of the simulation because according to 
ANSYS, it is best practice to have the first layer height higher than the roughness height 
specified for the simulation [52]. This means the face inset should have a higher first layer height 
than the rest of the faces around it. Trying to mesh this height change with boundary layer 
elements did not result in a good mesh. Removing the boundary layer elements from the walls 
also left more spare elements to put around the model in the refinement region. Similar face 
sizing from the initial mesh was used on the model and an increase in number of boundary 
layers to 26 was possible. Table 5 shows the mesh statistics used for final results. The reader is 
referred to Section 5.5 for more information about the final mesh selection.  
Table 5: Final water channel mesh setup statistics 
Element type 1st layer height 
Number of 
boundary layers 
Number of Elements 
Polyhedral 0.5 × 10−4 m 26 166 million 
 
5.3 Simulation Setup 
The following settings were used for the mesh independence study and inlet velocity profile 
tuning. All simulations with the new setup were run at 2nd order accuracy with the new Case 1 
geometry shown in Figure 16. Table 6 shows the relaxation factors used. These settings were 
used for all future water channel numerical models.      
 SST Turbulence Model 
o Production Limiter 
o Kato-Launder 
 Gravity: 9.81 m/s 
 
Two User Defined Functions (UDFs) were created. One for the velocity inlet profile and 
another for the hydrostatic pressure profile. The hydrostatic pressure UDF (7) was applied to 
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both the inlet and outlet of the simulation with most of its influence on the simulation coming 
from the outlet.  
 𝑝 = (9.81𝑚/𝑠 × 998.2𝑘𝑔/𝑚2)(1.016𝑚 − 𝑦)   (7) 
 
Looking at the simulation results, it is clear the hydrostatic pressure is causing an unrealistic flow 
near the outlet. The simulation domain is long enough that this does not have a negative effect 
on the flow around the model. However, it is influencing the convergence of the residuals, 
which are partially based on the outlet flow. Figure 17 shows the residual plot which is not as 
good as it should be for a typical simulation. However, looking at Figure 18, the convergence of 
the velocity around the model is correct. Since the velocity convergence looks stable, this 
simulation setup was kept.    
Table 6: Final relaxation factors for water channel setup 
Pressure Momentum TKE Specific dissipation Rate 
0.3 0.3 0.5 0.5 
 
 
Figure 17: Residuals plot of Case 1: top white line is continuity residual 
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Figure 18: Case 1 velocity convergence plot at 2.5D location and 4 in. height 
 
5.4 Inlet Velocity UDF 
The initial inlet velocity UDF was created based on the velocity profile from Case 1 
experimental results before they were adjusted. The UDF was re-tuned after the error was 
found with the results shown in Section 5.7. The velocity profile at the location 2.5 diameters (D) 
in front of the model was used since this was after the roughness elements, but before the 
model influence. Since the roughness elements were being approximated instead of directly 
solved, the UDF was to be tuned to this location so that velocity profiles right before the model 
matched between numerical and experimental. Figure 19 shows the tuning results at the 2.5D 
location for the original experimental results with the associated velocity profile equation shown 
below (8).  
 𝑢∞ = 0.81(−1.7164𝑦 − 0.129248)    (8) 
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Figure 19: Inlet u velocity profile UDF tuning at 2.5D location (original numerical results) Case 1 
experiment setup 
 
5.5 Mesh Parameter Test  
 The mesh parameter test was conducted using the incorrect Case 1 experimental data 
and the Transition SST model. Four different meshes were run to look at the mesh dependence 
of the Case 1 solution. Table 7 shows the meshes tested, with the element count listed being the 
count for the initial tetrahedral mesh before polyhedral conversion. The large element count 
change from mesh 2 to 3 was due to a change in the cell size for the refinement region around 
the model, meaning this section contains most of the elements in the mesh. The results of the 
mesh study are shown below in Figure 20 and Figure 21. Mesh 1 was only post-processed for the 
2.5D and −1.25D profiles due to its poor performance compared to mesh 2 with the same 
element count. Appendix 2 contains the rest of the mesh parameter results.  
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Table 7: Element count for each mesh of parameter test 
Mesh 1 Mesh 2 Mesh 3 Mesh 4 
56 million 56 million 163 million 166 million 
 
 
Figure 20: Water channel Case 1 experiment setup Centerline profile numerical u velocity mesh 
parameter test at 2.5D location (original numerical results) 
 
 
Figure 21: Water channel Case 1 experiment setup Centerline profile numerical u velocity mesh 
parameter test at −1.25D location (original numerical results) 
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 The Percent Error (PE) accuracy at each profile location was averaged over the 
Centerline and Side velocity profiles. The reader is referred to Section 8.4 for more detail on the 
numerical accuracy calculations and Section 7.1 for the setup of the Centerline and Side profiles. 
Results for the Centerline and Side profiles are shown below in Table 8 and Table 9, respectively. 
Mesh 2 is overall more accurate, however looking at the convergence stability, the setup of 
mesh 4 creates a more stable solution and will be better able to be applied to the other case 
studies without reducing accuracy due to the mesh. It is also acknowledged that mesh 3 is less 
accurate than mesh 2 even though more elements were used. One possible explanation is that 
the refinement region around the model used smaller cells in mesh 3 than mesh 2, but the other 
sizing inputs were left the same. This led to a less smooth transition between the refinement 
region and the neighboring cells which is known to cause more error in solutions. Mesh 4 was 
still used for the final simulation runs after the experimental data was fixed since a mesh 
independent simulation was proven.  
Table 8: Water channel mesh test averaged numerical accuracy at Centerline velocity profile location 
Mesh 2 3 4 
Absolute PE 23% 32% 24% 
Standard PE −21% −31% −21% 
 
Table 9: Water channel mesh test averaged numerical accuracy at Side velocity profile location 
Mesh 2 3 4 
Absolute PE 2% 2% 2% 
Standard PE 0% 1% 1% 
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5.6 Turbulence Parameter Test  
The final Case 1 solution setup using mesh 4 was run through five different turbulence 
models to look at the accuracies of each with respect to the original experimental data. The K-ε 
and K-ω models both used the realizable model with enhanced wall treatment and production 
limiter. The RS-ω model used both the low-Re and shear flow corrections. Shown below are two 
of the results graphs from the Centerline profiles set. Appendix 3 contains the rest of the 
turbulence parameter results. 
 
Figure 22: Water channel Case 1 experiment setup Centerline profile numerical u velocity turbulence 
model test at 2.5D location (original numerical results) 
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Figure 23: Water channel Case 1 experiment setup Centerline profile numerical u velocity turbulence 
model test at −1.25D location (original numerical results) 
 
The PE accuracy at each profile location was calculated the same way as for the mesh 
study. Results for the Centerline and Side velocity profiles (Section 7.1) are shown below in 
Table 10 and Table 11, respectively. It is clear the SST model has the lowest error with respect to 
the original data. The RS-BSL model has the 2nd lowest error, however this model converges 
much more slowly, taking more than 9000 iterations compared to the 4500 iterations for the 
SST model. It is also worth noting that both the RS-BSL and the K-ε models had turbulent 
viscosity issues resulting in numbers that are considered low quality. For these reasons, the SST 
model was used.     
Table 10: Water channel turbulence model averaged numerical accuracy at Centerline velocity profile 
location (original Case 1 experimental and numerical data) 
Model SST K-ε K-ω RS-ω RS-BSL 
Absolute PE 20% 107% 59% 55% 19% 
Standard PE −17% 107% 59% 50% −18% 
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Table 11: Water channel turbulence model averaged numerical accuracy at Side velocity profile location 
(original Case 1 experimental and numerical data) 
Model SST K-ε K-ω RS-ω RS-BSL 
Absolute PE 2% 4% 3% 6% 6% 
Standard PE 1% −2% −1% 6% 6% 
 
5.7 Numerical Correction to Experimental Error 
 When the experimental data was fixed, the numerical simulation needed re-tuning in 
order to match the new results. The reader is referred to Section 6.2 for more information on 
the error in the experimental data. Figure 24 shows the process used. The corrected 
experimental data was plotted, and linear trend lines were used to find the offset. The 
0.2518 ft/s offset was used to adjust the inlet UDF equation (denoted by “Numerical 0.25”). 
Figure 25 shows the results gathered while re-tuning the inlet UDF.  
The new inlet UDF is the following:  
𝑢∞ = 0.812(−1.7164𝑦 − 0.24)    (9) 
The reader is referred to Section 10.1 for the full numerical results.  
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Figure 24: Numerical correction of Case 1 experiment setup Centerline u velocity profile for experimental 
offset at 2.5D location 
 
 
Figure 25: Case 1 experiment setup Centerline u velocity numerical inlet UDF re-tuning to correct 
experimental results at 2.5D location 
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Chapter 6: Experimental Setup 
The experimental setup for all case studies will use the same instruments and tools. The 
only change will be the number and locations of the grain bin models in each case study. The 
Minnesota State University, Mankato water channel will be used for the experiments. The water 
channel is an Engineering Laboratory Design Sediment Transportation Channel Version I with 
overall dimensions of 180 in. length × 12 in. width × 18 in. height. As shown in Figure 7, the 
coordinate system is the same for both numerical and experimental with the flow in the –x-
direction and z and y being cross flow and height, respectively. Plastic sheets with round pegs 
0.16 in. diameter × 0.49 in. height placed in a diagonal pattern were used to create the ABL 
needed to represent a real-world velocity profile. These roughness elements also created the 
turbulence needed to justify using different Reynolds numbers as mentioned previously. The 
roughness elements start 1.65 in. behind the inlet and cover a length of 98.56 in. Using the 
incorrect Vectrino information as discussed in Section 6.2, it was thought that a 10 in. water 
height was needed to allow the Vectrino to be properly submerged and be able to collect data 
points along the entire height of the model. Due to the incorrect information, the entire model 
height was not measured. A 10 in. water height corresponded to a gate height of 5.9375 in.  
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Figure 26: Overall experimental setup 
 
6.1 Water Channel Velocity 
The water channel was run at its maximum pump settings which resulted in a 
freestream velocity of 1.32 ft/s at the height of the model (5 in.) for this configuration. The same 
velocity was used for all the experiments to keep the Reynolds number as close as possible to 
the real world. The water and reservoir heights were marked and checked before each run to 
ensure the same heights were used as it has been found that small differences in these two 
settings can impact the velocity in the water channel.     
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Figure 27: Marking water height in channel 
 
 
Figure 28: Marking water height in reservoir 
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6.2 Vectrino 
The Nortek Vectrino was used to collect 3D point velocity data. The instrument works by 
sending out pings from each arm and the return pings allow it to calculate speed and direction 
of the fluid over time. It was originally thought the Vectrino measures 5 cm (1.969 in.) below the 
arms, however this number is 10 cm which resulted in a 1.969 in. offset on the height recorded 
with the experimental data. The original configuration was used for all the model sizing and 
setup as this error was not found until after. It was thought that the minimum measuring height 
was 3.33 in. Any lower and the noise from the bottom of the channel skews the results, this is 
the reason for the cork on the bottom of the channel as it absorbs some of the signal allowing 
lower measuring heights.  The four arms extend 2.156 in. from the center of the probe. This 
limits where velocity can be taken.  
The Vectrino was attached to a platform which rolled across the top of the water 
channel. There are tape measures for all three directions. The measurement offsets between 
actual measurement location and the corresponding reading on the tape measure are shown in 
Table 12. The setup allowed the Vectrino to measure 2.25 in. from the walls of the channel and 
the models with an accuracy of 0.025 in. for the y and z axis and 0.0625 in. for the x axis. The 
platform can be seen below in Figure 29. 
Table 12: Original (corrected) measurement offset between reading and actual value 
Axis x y z 
Offset (in.) 10.75 2.595 (4.564) 1.025  
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Figure 29: Vectrino platform 
 
The settings used for the Vectrino were consistent throughout all experiments and are 
shown below in Table 13. Since the Vectrino must be in the water in order to collect data, the 
flow surrounding the Vectrino was disturbed and therefore not an accurate representation of 
the real world. However, the Vectrino does take its measurements outside the disturbed region, 
and the flow was allowed to reach equilibrium after each movement of the Vectrino before data 
was collected.  
Table 13: Vectrino Settings 
Sampling rate 
Nominal velocity 
range 
Sample volume Power level Transmit Length 
10 Hz 1 m/s 7.0 mm Low+ 1.8 mm 
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6.3 Experimental Model Sizing 
There were several experimental constraints that had to be considered when sizing the 
models. The first was the operating space of the Vectrino. It was important to be able to read 
data along the side of the model, not just in front and behind. As previously stated, data could 
be taken as close as 2.25 in. to the walls of the water channel and model. The Vectrino itself has 
an additional width of 2.156 in. A total gap of 4.406 in. is needed for the Vectrino to fit between 
two objects. Additionally, extra room would be needed to account for 3D printing inaccuracy. 
The minimum height of 3.33 in. (1.362 in. corrected) also needed to be considered. Since there 
was more space vertically than horizontally, the medium grain bin aspect ratio of 1.66 was used. 
The largest diameter that could fit within these restrictions comfortably was 3 in. This resulted 
in a 5 in. model height. The length scale of 1 in. = 9 ft was found. The blockage ratio was checked 
by taking the cross-sectional area of the water column height and model with a value of 12.5% 
for one model in the flow.   
6.4 Experimental Model Placement  
The height of the water in the channel is determined by the gate at the end of the 
channel. The gate acts like a weir, allowing water to flow over it. This creates a back pressure 
which influences the velocity profile in the channel. The length upstream which the gate 
influence travels is five times the height of the water which results in 50 in. upstream [53]. This 
leaves a test section of 29.44 in. Initial numerical results showed that the model influences the 
flow 2D in front and 6D behind. The model needed to be placed downstream from the 
roughness elements as far as possible while still being able to measure at least 6D behind it. A 
compromise between a more developed flow in front of the model and a potential for gate 
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influence within 6D behind the model was made and the model was placed at 14 in. behind the 
roughness elements.   
The boundary layer caused by the walls of the water channel was also calculated to be 
2.483 in. on each side. It was taken into consideration and models were placed at least 2.5 in. 
from the walls of the channel for all cases. This will minimize the wall effect on the models but 
will not eliminate it entirely as discussed in Section 11.2. 
6.5 Experimental Models 
The models used are made from ABS plastic and 3D printed. Model geometric dimensions are 
shown below in Figure 30 with all measurements in inches. Table 14 shows the print parameters 
used. The final 3D printed model is shown in Figure 31. Magnets were glued in the holes in the 
bottom of the model to stick to the magnetic bottom of the water channel. This made sure the 
model didn’t move during experiments but allowed for easy movement and a wide range of 
case studies.   
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Figure 30: 3D printed model drawing: all dimensions in inches 
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Figure 31. 3D printed grain bin 
 
Table 14: 3D print model settings 
Printer Material 
Layer 
Height 
Number of 
Perimeter layers 
Number of 
Bottom Layers 
Number of 
top layers 
Infill 
Prusa 
i3 Mk3 
PLA 0.2 mm 3 4 5 25% 
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Chapter 7: Experimental procedure 
All four cases were run twice, referred to as experiment 1 and experiment 2. This was to 
prove the repeatability of the results. Experiments 1 and 2 used a sampling time of 30 s which 
equates to 300 data points per location point at the 10 Hz sampling rate setting. This was 
chosen for two reasons. The first is this allowed a round of experiments for one case to be 
finished in a day. The second is that for the same standard deviation, inputting 300 data points 
verses 600 data points into Equation 12 results in a 3.3% difference in error which was not 
considered a large enough improvement for a doubling of experimental runtime.  
After the results of experiments 1 and 2 were compiled, select profiles in high 
turbulence regions were run again. This was called experiment 3. For this experiment, a 
sampling time of 2 min was used to find a better time independent velocity profile. 
7.1 Case 1 
Case 1 is the simplest case consisting of only one grain bin and was the case used to 
setup the numerical work as previously shown in Figure 7. The placement of the model is shown 
in Table 15 with the read location and the actual model location in reference to the roughness 
elements and side wall of the channel for x and z directions respectively. Since the Vectrino was 
only able to get within 2.25 inches from the model, an interval of 1.25D (3.75 in.) was chosen 
with the coordinate origin at the center of the model. This meant the profiles were measured 
from the center of the model, not from its wall. Profiles in front of the model were considered 
positive profiles with profiles behind the model negative. Two sets of profiles were run with the 
first being along the x axis at zero z or along the centerline of the channel and therefore the 
model as well. Table 16 shows the x axis locations of the profiles.   
44 
 
Table 15: Case 1 model center location (units in inches) 
Model center x y z 
Read Location (in.) 61.25 N/A 7.05 
Actual Location (in.) 14.00 0.00 6.00 
 
Table 16: Centerline profiles x-coordinates 
Profile 1 2 3 4 5 6 
Read Location (in.) 68.75 57.50 53.75 50.00 46.25 42.50 
Actual Location (D) 2.50 -1.25 -2.50 -3.75 -5.00 -6.25 
 
 
The vertical or y point locations were determined by the minimum and maximum read heights 
of the Vectrino with a reasonable uniform spacing. The spacing of 0.3 inches was used with 
Table 17 showing the y axis locations of each point which made up each profile.  
The second set of profiles were along the x axis at positive 2.25 z or the centerline 
between the model and the wall of the channel. The flow was assumed to be symmetric and 
only the right side of the model was measured. A tighter x axis spacing of 0.5D was used since 
the area of interest was smaller. Only the vertical wall region below the eve was measured since 
no VAWT would be placed above that. A spacing of 0.2 in. was used which gave four vertical 
points within this region based on the original 3.33 in. minimum read height. Table 18 and 
Table 19 show the x and y coordinate locations respectively. Figure 32 shows the Vectrino taking 
data at the Side profile set for Case 1.  
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Table 17: Centerline profiles y-coordinates 
Points Read Location (in.) 
Original Actual 
Location (in.) 
Corrected Actual 
Location (in.) 
1 5.93 3.33  1.36 
2 6.23 3.63  1.66 
3 6.53 3.93  1.96 
4 6.83 4.23  2.26 
5 7.13 4.53  2.56 
6 7.43 4.83  2.86  
7 7.73 5.13  3.16 
8 8.03 5.43  3.46 
9 8.33 5.73  3.76 
 
Table 18: Side profiles x-coordinates 
Profile 1 2 3 4 5 6 
Read Location(in.) 62.75 61.25 59.75 58.25 56.75 55.25 
Actual Location (D) 0.50 0.00 -0.50 -1.00 -1.50 -2.00 
 
Table 19: Side profiles y-coordinates 
Points Read Location(in.) 
Original Actual 
Location(in.) 
Corrected Actual 
Location(in.) 
1 5.93 3.33  1.36 
2 6.13 3.53  1.56 
3 6.33 3.73  1.76 
4 6.53 3.93  1.96 
5 6.73 4.13  2.16 
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Figure 32: Data collection on Side profiles for Case 1 
 
 
7.2 Case 2 
Case 2 has two models in a side-by-side layout as shown in Figure 33. The model labeled 
right is in the positive z-direction with the left model being in the negative direction. The wall to 
wall spacing between the models is 0.55 in. which equates to 4.95 ft full-scale. The locations of 
the model centers are shown below in Table 20 and Table 21. The same reference points were 
used as in Case 1.  
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Figure 33: Drawing of Case 2: all dimensions in inches 
 
Table 20: Case 2 Left model center location 
Left Model center x y z 
Read Location (in.) 61.25 N/A 8.83 
Actual Location (in.) 14.00 0.00 4.23 from left wall 
 
Table 21: Case 2 Right model center location 
Right Model center x y z 
Read Location (in.) 61.25 N/A 5.28 
Actual Location (in.) 14.00 0.00 4.23 from right wall 
 
Table 22: Case 2 Centerline x profile locations 
Profile 1 2 3 4 5 6 7 8 
Read Location (in.) 68.75 63.00 59.50 57.50 53.75 50.00 46.25 42.50 
Actual Location (D) 2.50 0.583 −0.583 −1.25 −2.50 −3.75 −5.00 −6.25 
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The Centerline profiles taken in Case 1 are following the right model in Case 2 so that 
the profiles are down the centerline of the model just as before but are renamed Right profiles. 
The Centerline profiles for Case 2 follow the centerline of the water channel. Two more x 
locations were added to better capture the flow between the models (Table 22). The y 
coordinates for all profiles in Case 2 follow those listed in Table 17.  
7.3 Case 3 
Case 3 uses two models in the same way Case 2 does with the spacing of the models 
being the only difference. The largest possible spacing of 1 in. (9 ft full scale) was used. Table 23 
and Table 24 show the model center locations with Figure 34 showing the drawing. The right 
model is again in the positive z-direction.  
Table 23: Case 3 Left model center location 
Left Model center x y z 
Read Location (in.) 61.25 N/A 9.05 
Actual Location (in.) 14.00 0.00 3.55 from left wall 
 
Table 24: Case 3 Right model center location 
Right Model center x y z 
Read Location (in.) 61.25 N/A 5.05 
Actual Location (in.) 14.00 0.00 3.55 from right wall 
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Figure 34: Drawing of Case 3: all dimensions in inches 
 
 
As with Case 2, the Right profile followed the right-sided model to maintain centerline. The 
Centerline profile used was a duplicate of Case 2.   
7.4 Case 4 
Case 4 is the most complex with 3 models used. A spacing of 0.55 in. was used. The 
models were placed at the greatest angel to the flow as possible while staying 2.5 in. from the 
walls. This turned out to be an angle of 34.2° as seen in Figure 35. Model center locations 
following the same conventions as before are shown in Table 25–Table 27.  
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Table 25: Case 4 Left model center location 
Left Model center x y z 
Read Location (in.) 64.19 N/A 9.05 
Actual Location (in.) 11.06 0.00 3.55 from left wall 
 
Table 26: Case 4 Center model center location 
Middle Model center x y z 
Read Location (in.) 61.25 N/A 7.05 
Actual Location (in.) 14.00 0.00 6.0 from wall 
 
Table 27: Case 4 Right model center location 
Right Model center x y z 
Read Location (in.) 58.31 N/A 5.05 
Actual Location (in.) 16.94 0.00 3.55 from right wall 
 
 
Figure 35: Case 4 drawing: all dimensions in inches 
 
The Right profile again follows the right bin as with Case 3. Different x profile spacing 
had to be used due to the experimental limitations of the setup as shown in Table 28. A Right-
Center profile shown in Table 29 was taken at the midpoint between the right and center 
models at a z coordinate reading of 6.05 in. to capture the flow between the two models.        
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The Centerline profile was again on the centerline of the water channel with the x coordinate 
locations shown below in Table 30. A profile named Left was taken on the centerline of the left 
model and shown below in Table 31. The y coordinate locations for all the profiles in Case 4 are 
shown in Table 17. Figure 36 shows the Case 4 experiment in progress.  
Table 28: Case 4 Right profiles x locations 
Profile 1 2 
Read Location (in.) 65.81 62.94 
Actual Location (D) 2.50 1.54 
 
Table 29: Case 4 Right-Center profiles x locations 
Profile 1 2 3 4 
Read Location (in.) 65.81 54.56 52.81 47.06 
Actual Location (D) 2.50 -1.25 -2.50 -3.75 
 
Table 30: Case 4 Centerline profiles x locations 
Profile 1 2 3 4 5 
Read Location (in.) 68.75 56.63 53.75 50 46.25 
Actual Location (D) 2.50 -1.54 -2.50 -3.75 -5.00 
 
Table 31: Case 4 Left profiles x locations 
Profile 1 2 3 4 5 
Read Location (in.) 59.56 56.69 52.94 49.19 45.44 
Actual Location (D) -1.54 -2.50 -3.75 -5.00 -6.25 
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Figure 36: Case 4 experiment 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
53 
 
  Chapter 8: Experimental Post-Processing 
8.1 Data Processing 
The raw data coming from the Vectrino includes a data and header file. Each vertical 
location point had its own file with the data for the 30 s time span. A MATLAB code was written 
to: sort the data and header files, put all the data files from each x profile into a folder, average 
the information across time, solve for the turbulence and statistics values, and create an Excel 
spreadsheet with the final numbers. Appendix 4 shows the MATLAB code used.   
8.2 Uncertainty Analysis 
Experimental uncertainty was broken into two parts. The positioning of the Vectrino and 
the uncertainty in the velocity data. Uncertainty in the measurement of the position of the 
Vectrino can be set as one half the resolution of the location measuring system used with a 95% 
confidence [54]. The z and y axes are controlled by the mount the Vectrino is on. The mount 
rulers have a resolution of 0.025 in. which yields an uncertainty of: 
𝑢0𝑧𝑦 = ±0.0125 𝑖𝑛.      (10) 
 
The x axis is controlled by moving the mount along the channel. The ruler on the channel as a 
resolution of 0.0625 in. with a corresponding uncertainty of: 
𝑢0𝑥 = ±0.03125 𝑖𝑛.     (11) 
 
While these uncertainties do exist and were incorporated into the results, they often were not 
able to be seen on the results graphs.  
The uncertainty in the velocity data was composed of several parts. One part is the 
instrument uncertainty. From the Vectrino user manual, the instrument error is ± 0.5% velocity 
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reading [55]. The velocity ambiguity and phase wrap were mitigated by setting an appropriate 
nominal velocity range. Recall this was set to 1 m/s. The Doppler uncertainty is 1% of the 
velocity range at a setting of 25 Hz [55]. This uncertainty was still used even though 10 Hz was 
the setting. It is important to note the final Vectrino velocity data is an average of many velocity 
estimates. The uncertainty of each ping is dominated by the short-term error, this is reduced by 
averaging together many pings. The velocity points were averaged over time to reduce error 
even further. Using the Students’ t-distribution and a 95% confidence interval. The following 
equation was used to find the error in the averaged data.  
 
𝑢𝑣 =
1.96𝜎
√𝑛
      (12) 
 
Recall that the setting of 10 Hz was used, this equates to n being 300 data points for 
experiments 1 and 2 and 1200 data points for experiment 3. The limit of error reduction is called 
the long-term bias. From the manual, the long-term bias in the Vectrino is typically a fraction of 
1 cm/s [55]. The value of 1 cm/s will be used to ensure it is covered. Measurement bias is often 
much smaller than the random errors removed by averaging and is not accounted for in this 
uncertainty analysis. The five different uncertainties were combined using the Root-Sum-
Squared (RSS) method.  
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8.3 Turbulence Calculations 
As mentioned previously, turbulence plays an important role on the performance and 
lifespan of the VAWT. It is important to know where the strongest turbulence regions are, so 
they can be avoided. A good measure of turbulence is Turbulent Kinetic Energy (TKE). The 
turbulence cannot be directly determined by the Vectrino, but it can be calculated using the 
definition of TKE. Velocity data has two parts, the mean and instantaneous velocities [56]. 
𝑢 =  ?̅? + 𝑢′      (13) 
The u’, or the instantaneous portion, was used for calculating TKE. It was found by subtracting 
the velocity at each time step from the average velocity over all the time steps. The result was 
then squared. This gives a TKE value for each time step. The average TKE value was found for 
each corresponding 3D velocity point location. Since the data was in 3D, the steps were 
repeated for the other two dimensions  [56]. The final equation used is: 
𝑇𝐾𝐸 =  
1
2
(𝑢′2̅̅ ̅̅ + 𝑣′2̅̅ ̅̅ + 𝑤′2̅̅ ̅̅ ̅)     (14) 
Some locations have turbulence values which are an order of magnitude smaller than 
the instrument error. For this reason, TKE was not used to validate the numerical simulations, 
but only to show the trends of both numerical and experimental results. In most situations the 
numerical results fall within the experimental error. It can be seen that the experimental TKE 
results vary with time with very few locations showing identical TKE results. However, the error 
bars do overlap for many locations meaning instrument error is contributing to the difference as 
well.       
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8.4 Numerical Accuracy Analysis 
The accuracy of how close the numerical simulations align with the experimental results 
was measured by both Percent Error (PE) and Absolute Error (AE). Percent error is the relative 
error times 100%. Both the absolute percent error and non-absolute percent error were used. 
The absolute percent error shows overall magnitude of the error whereas the non-absolute 
percent error shows whether the numerical results are over or under estimating the 
experimental data. The absolute error simply shows the magnitude of the distance from the 
numerical to the experimental. For this setup, an underestimate will appear as a negative sign 
with a positive sign meaning an over estimation. Only the velocity was used for accuracy analysis 
due to the instrument error being very large for the TKE calculations as mentioned earlier. The 
absolute value and non-absolute value PE equations are shown below in (15) and (16) 
respectively. The absolute error is simply the absolute value of the difference of numerical and 
experimental.  
𝑃𝐸𝑎𝑏𝑠 = (
|𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙−𝑁𝑢𝑚𝑒𝑟𝑖𝑐𝑎𝑙|
𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙
)  × 100%   (15) 
𝑃𝐸 = (
𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙−𝑁𝑢𝑚𝑒𝑟𝑖𝑐𝑎𝑙
𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙
)  × 100%    (16) 
 
The experimental velocities at each point were averaged together to allow a single 
accuracy value to be calculated at each point. To find the total percent error, the accuracy at 
each point was calculated and then averaged over each x profile. The x profiles were averaged 
together to get an overall accuracy for each profile set. This procedure was used for both the 
mesh and turbulence model testing along with the final results.  
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Chapter 9: Experimental Case Comparison 
There are some experimental results that can be compared across the different case 
studies. The first comparison is with the Centerline set of Case 1 with the Right profile sets of 
Cases 2 and 3.  
 
Figure 37: Experimental case comparison of u velocity on model centerline at 2.5D 
 
58 
 
 
Figure 38: Experimental case comparison of u velocity on model centerline at −1.25D 
 
 
 
Figure 39: Experimental case comparison of u velocity on model centerline at −2.5D 
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Figure 40: Experimental case comparison of u velocity on model centerline at −3.75D 
 
 
Figure 41: Experimental case comparison of u velocity on model centerline at −5.0D 
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Figure 42: Experimental case comparison of u velocity on model centerline at −6.25D 
 
Looking at Figure 37–Figure 42, the results of all three cases are very close together with 
the exception of the −6.25D location shown in Figure 42 which shows Cases 2 and 3 closer to 
their respective velocity profiles at 2.5D as compared with Case 1. This could mean Cases 2 and 
3 have a shorter wake region as compared to Case 1.  
The second comparison is the water channel Centerline sets of Case 2 and 3. Looking at 
the −0.583D and −1.25D profiles in Figure 44 and Figure 45, it is clear that Case 2 is not showing 
the expected flow speed-up between the models. This phenomenon does not appear in Case 3 
leading to the theory that the spacing is small enough between the models in Case 2 (0.55 in.) 
that the flow coming around the outside edges of the models is circling around behind. This is 
creating one large wake region instead of two independent wake regions for each model. While 
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this does occur for many objects when placed near enough to each other, it was not expected to 
be seen with this large of spacing.    
 
Figure 43: Experimental case comparison of u velocity on water channel centerline at 0.583D 
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Figure 44: Experimental case comparison of u velocity on water channel centerline at −0.583D 
 
 
Figure 45: Experimental case comparison of u velocity on water channel centerline at −1.25D 
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Figure 46: Experimental case comparison of u velocity on water channel centerline at −2.5D 
 
 
Figure 47: Experimental case comparison of u velocity on water channel centerline at −3.75D 
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Figure 48: Experimental case comparison of u velocity on water channel centerline at −5.0D 
 
 
Figure 49: Experimental case comparison of u velocity on water channel centerline at −6.25D 
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Chapter 10: Experimental and Numerical Results 
10.1 Case 1 Water Channel Numerical Results 
The Centerline and Side profile sets with the corrected experimental data are shown 
below in Figure 50–Figure 55. Both the original and corrected numerical results are overlaid on 
the experimental results so the difference can be visualized. The Side profiles also have a basic 
linear offset of the 0.2418 ft/s overlaid to test if the numerical data could be corrected without 
rerunning the simulation. Appendices 5A and 5B contain the rest of the Centerline and Side 
profile set results respectively. Some notable TKE results are shown below in Figure 56–Figure 
60 from both the Centerline and Side profile sets.  
10.1.1 Centerline Velocity Profile Results 
 
  
Figure 50: Case 1 Centerline profile numerical u velocity results at 2.5D location (original and re-tuned 
numerical results) 
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Figure 51: Case 1 Centerline profile numerical u velocity results at −1.25D location (original and re-tuned 
numerical results) 
 
 
Figure 52: Case 1 Centerline profile numerical u velocity results at −3.75D location (original and re-tuned 
numerical results) 
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10.1.2 Side Velocity Profile Results 
 
Figure 53: Case 1 Side profile numerical u velocity results at 0.5D location (original, re-tuned, and linear 
offset numerical results) 
 
 
Figure 54: Case 1 Side profile numerical u velocity results at 0.0D location (original, re-tuned, and linear 
offset numerical results) 
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Figure 55: Case 1 Side profile numerical u velocity results at −1.0D location (original, re-tuned, and linear 
offset numerical results) 
 
10.1.3 TKE Results 
 
Figure 56: Case 1 Centerline profile numerical TKE at 2.5D location (original and re-tuned numerical 
results) 
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Figure 57: Case 1 Centerline profile numerical TKE at −1.25D location (original and re-tuned numerical 
results) 
 
 
Figure 58: Case 1 Centerline profile numerical TKE at −2.5D location (original and re-tuned numerical 
results) 
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Figure 59: Case 1 Side profile numerical TKE at 0.0D location (original and re-tuned numerical results) 
 
 
Figure 60: Case 1 Side profile numerical TKE at −1.0D location (original and re-tuned numerical results) 
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10.1.4 Contour Plots 
Velocity contour plots of the flow field are shown below at five different heights of 
1.36 in., 2.5 in., 3.5 in., 4 in., and 4.5 in. on the xz-plane. Both the original and re-tuned 
numerical results are shown below. Note the difference in maximum velocity in the legend for 
the two sets of results. Velocity contours on the xy-plane at the Centerline and Side locations 
corresponding to the Centerline and Side experimental locations are also shown below in Figure 
71–Figure 74.  
 
Figure 61: Case 1 u velocity contour plot at 1.36 in. height (re-tuned) 
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Figure 62: Case 1 u velocity contour plot at 1.36 in. height (original) 
 
 
Figure 63: Case 1 u velocity contour plot at 2.5 in. height (re-tuned) 
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Figure 64: Case 1 u velocity contour plot at 2.5 in. height (original) 
 
 
Figure 65: Case 1 u velocity contour plot at 3.5 in. height (re-tuned) 
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Figure 66: Case 1 u velocity contour plot at 3.5 in. height (original) 
 
 
Figure 67: Case 1 u velocity contour plot at 4 in. height (re-tuned) 
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Figure 68:  Case 1 u velocity contour plot at 4 in. height (original) 
 
 
Figure 69: Case 1 u velocity contour plot at 4.5 in. height (re-tuned) 
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Figure 70: Case 1 u velocity contour plot at 4.5 in. height (original) 
 
 
Figure 71: Case 1 u velocity contour plot at Centerline profile (re-tuned) 
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Figure 72: Case 1 u velocity contour plot at Centerline profile (original) 
 
 
Figure 73: Case 1 u velocity contour plot at Side profile (re-tuned) 
 
 
Figure 74: Case 1 u velocity contour plot at Side profile (original) 
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10.1.5 Volume Renders 
Shown below in Figure 75–Figure 77 are the volume renders. The volume renders are 
created by making several cross sections of the simulation. The results may look like they are 
lined or have gaps, which they do. While these volume renders give a good picture of the 3D 
flow, because they are not displaying 100% of the results the images may look different than the 
full solution. For the u velocity volume renders, velocities over 0.2 m/s (0.656 ft/s) were taken 
out so the wake region could be better seen. This means the areas that look empty are the areas 
of higher velocity. TKE was also rendered to show where the high turbulence and vortices 
appear. TKE values below 2×10-3 m2/s2 were taken out so the highest turbulence regions could 
be seen.      
 
Figure 75: Case 1 u velocity volume render downstream ISO view (re-tuned solution) 
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Figure 76: Case 1 u velocity volume render upstream ISO view (re-tuned solution) 
 
 
Figure 77: Case 1 TKE volume render (re-tuned solution) 
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10.1.6 Case 1 Discussion 
Overall, Case 1 looks as good as can be expected due to the number of simplifications 
and inherent instability of the problem. Table 32 shows the errors for the original and re-tuned 
simulations. An average error of 47% and 32% absolute PE was found for the original and re-
tuned models respectively. This is a significant increase in error from the 13% it was originally 
thought to be. With the experimental correction, the SST turbulence model setup does not 
model the wake region well enough to be used in future research. This is apparent when the 
turbulence model test results from Section 5.6 are overlaid with the corrected experimental 
data as shown below in Figure 78.  It is worth noting that the overall magnitude of the 
experimental velocity didn’t change with the correction, only the height of that velocity. This 
height change resulted in a different shape of the wake region behind the model which is why 
the SST model becomes inaccurate. These results are still accepted in this research because the 
Side profile is still modeled with reasonable accuracy which is of greatest interest in this 
research.  
Table 32: Case 1 numerical error 
Error 
Original 
Side Profile 
Re-Tuned 
Side Profile 
0.25 ft/s 
Offset Side 
Profile 
Original 
Centerline 
Profile 
Re-Tuned 
Centerline 
Profile 
Absolute PE 20% 7% 5% 81% 61% 
Non-
Absolute PE 
-20% 7% 5% -81% -58% 
AE 21% 7% 5% 36% 21% 
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Figure 78: Case 1 Centerline u velocity original turbulence model test with corrected experimental data at 
−1.25D location 
 
 The Centerline profile graphs show that the re-tuned numerical is more accurate in most 
cases, however it is noted that some profiles turned out to not be modeled well in either 
simulation. The −1.25D profile shown in Figure 51 is a good example. The Side profiles did not 
change much, and the simple data offset turns out to be just as accurate as the re-tuned 
numerical simulation. The re-tuned simulation looks to over predict the side velocities. For this 
reason, the original numerical model with the data offset will be used for the VAWT placement 
as the slope aligns much better with the experimental results. The TKE results do show a small 
accuracy improvement for the re-tuned model. It is noted that the trends align much better now 
after the experimental data was corrected.  
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Looking at the xz-plane contour plots, the flow field looks as expected with good flow 
speed-up around the model. The overall velocity can be seen to increase with height, a trend 
that will be seen in all four cases. Comparing the original with the re-tuned simulation, the 
starting point of the speed-up region is at the same point. The re-tuned model shows the wake 
being extended downstream much farther which does align with the velocity increase. The wake 
also starts at the same location, the ribs on the model, as before. Although small, it can be seen 
in Figure 67 that the wake is wider as compared to the original in Figure 68. This does effect 
VAWT placement as shown in Section 11.1. 
While there are changes to the flow field as discussed previously, the location and size 
of the speed-up regions remain the same and a simple data offset can correct the difference 
seen between the original and re-tuned simulations. For these reasons, Cases 2–4 were not re-
run. While it is acknowledged that the wake regions will not be correct, the interest in this thesis 
is with the speed-up regions.   
10.2 Case 2 Water Channel Numerical Results 
Shown below in Figure 79–Figure 85 are the Centerline and Right profile velocity results 
for Case 2. Case 2 was not re-run for the corrected experimental data. Only the same numerical 
offset from Case 1 was applied. Appendix 6A contains the rest of the Centerline profile results 
with Appendix 6B containing the rest of the Right profile results. Like Case 1, some notable TKE 
results are also shown below in Figure 86–Figure 89. No offset was applied to the TKE results 
since only the trends are being looked at and Case 1 proves that the TKE trends don’t change 
with the data correction, only the magnitudes.  
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A third experiment was run in the higher turbulence regions for Cases 2–4. A time of 
2 minutes was used to try and find a more time independent trend. All other settings were kept 
the same. This helped to validate which data set was more accurate from experiments 1 and 2 
as they had different results in some locations due to the turbulence in the flow.  
10.2.1 Centerline Velocity Profile Results 
 
Figure 79: Case 2 Centerline profile numerical u velocity at 2.5D location (original and linear offset 
numerical results) 
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Figure 80: Case 2 Centerline profile numerical u velocity at -0.583D location (original and linear offset 
numerical results) 
 
 
Figure 81: Case 2 Centerline profile numerical u velocity at -1.25D location (original and linear offset 
numerical results) 
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Figure 82: Case 2 Centerline profile numerical u velocity at -3.75D location (original and linear offset 
numerical results) 
10.2.2 Right Velocity Profile Results 
 
Figure 83: Case 2 Right profile numerical u velocity at 2.5D location (original and linear offset numerical 
results) 
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Figure 84: Case 2 Right profile numerical u velocity at -1.25D location (original and linear offset numerical 
results) 
 
 
Figure 85: Case 2 Right profile numerical u velocity at -3.75D location (original and linear offset numerical 
results) 
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10.2.3 TKE Results 
 
Figure 86: Case 2 Centerline profile numerical TKE at -0.583D location (original numerical results) 
 
 
Figure 87: Case 2 Centerline profile numerical TKE at -1.25D location (original numerical results) 
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Figure 88: Case 2 Right profile numerical TKE at -1.25D location (original numerical results) 
 
 
Figure 89: Case 2 Right profile numerical TKE at -6.25D location (original numerical results) 
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10.2.4 Contour Plots 
Velocity contour plots on the xz-plane at the same heights used in Case 1 are shown 
below in Figure 90–Figure 94. The velocity contours on the xy-plane shown in Figure 95 and 
Figure 96 are at the Centerline and Right locations corresponding to the experimental locations.   
 
Figure 90: Case 2 u velocity contour plot at 1.36 in. height 
 
 
Figure 91: Case 2 u velocity contour plot at 2.5 in. height 
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Figure 92: Case 2 u velocity contour plot at 3.5 in. height 
 
 
Figure 93: Case 2 u velocity contour plot at 4 in. height 
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Figure 94: Case 2 u velocity contour plot at 4.5 in. height 
 
 
Figure 95: Case 2 u velocity contour plot at Centerline profile location 
 
 
Figure 96: Case 2 u velocity contour plot at Right profile location 
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10.2.5 Case 2 Discussion  
It can be seen in the Case 2 results that the numerical and experimental data does not 
match up for the centerline locations right behind the models as is apparent in Figure 80 and 
Figure 81. It is clear the important regions nearest the models were not modeled correctly, 
especially in the middle of the flow. However, the other regions around the models were 
modeled quite well and are still worth keeping. While it is important to find the answers to the 
difference in the results, the locations between the grain bins was never intended to be used as 
a VAWT placement site to begin with. This means these findings do not affect the overall 
research goal and good modeling accuracy is being achieved in the intended placement site 
along the outside walls of the grain bins.  
10.3 Case 2 Retest at 0.35 in. Spacing 
Taking a closer look at the discrepancy in the results in Case 2, another case was run to 
try and find the cause of the difference in results. Previous research of two cylinders near each 
other have shown that three different centerline wake-region flow patterns can develop. A 
symmetrical flow pattern, an asymmetrical flow pattern, and a very weak almost zero velocity 
flow pattern [57]. A new numerical simulation with a model spacing of 0.35 in. was used. As 
mentioned previously it was believed that the two models were close enough together in Case 2 
to create a single wake region. The numerical simulation may not have modeled this properly 
because the spacing just happens to be at the transition point and there are enough 
simplifications in the numerical model to where that transition spacing does not align exactly. 
The results below in Figure 97 and Figure 98 show flow speed-up between the models is still 
happening, and a highly asymmetrical flow field has developed. It is now believed that the 
model with the stronger wake is appearing in the centerline data which caused the discrepancy 
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between the numerical and experimental results in Case 2. The simplifications in the numerical 
simulation mean the asymmetric wake region does not appear until closer model spacing is 
used. Appendix 7 contains the rest of the Centerline velocity profile comparison results. 
 
Figure 97: Case 2 and 0.35 in. simulation compare Centerline numerical u velocity at −0.583D location 
(original numerical results) 
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Figure 98: Case 2 and 0.35 in. simulation compare Centerline numerical u velocity at −1.25D location 
(original numerical results) 
 
10.3.1 Contour Plots 
Contour plots comparing Case 2 with the 0.35 in. spacing case are shown below in 
Figure 99–Figure 106. The asymmetry of the 0.35 in. spaced flow is present throughout the 
entire height of the flow field. However, the flow is more asymmetric at the 1.36 in. height than 
at the 4 in. height.    
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Figure 99: 0.35 in. spacing u velocity contour at 1.36 in. y height on xz-plane 
 
 
Figure 100: Case 2 u velocity contour at 1.36 in. y height on xz-plane 
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Figure 101: 0.35 in. spacing u velocity contour at 3.5 in. y height on xz-plane 
 
 
Figure 102: Case 2 u velocity contour at 3.5 in. y height on xz-plane 
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Figure 103: 0.35 in. spacing u velocity contour at 4 in. y height on xz-plane 
 
 
Figure 104: Case 2 u velocity contour at 4 in. y height on xz-plane 
 
98 
 
 
Figure 105: 0.35 in. spacing u velocity contour plot at Centerline profile location 
 
 
Figure 106: Case 2 u velocity contour plot at Centerline profile location 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
99 
 
10.3.2 Volume Renders 
Volume renders were made for this case instead of Case 2 since this case is more accurate to the 
experimental data from Case 2.    
 
Figure 107: 0.35 in. spacing u velocity volume render downstream ISO view 
 
 
Figure 108: 0.35 in. spacing u velocity volume render upstream ISO view 
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Figure 109: 0.35 in. spacing TKE volume render downstream ISO view 
 
10.4 Case 3 Water Channel Numerical Results 
As with Case 2, the Centerline and Right profile u velocity results for Case 3 are shown 
below in Figure 110–Figure 116. Like Case 2, Case 3 was not re-run for the corrected 
experimental data. Only the same numerical offset was applied. Appendices 8A and 8B contain 
the rest of the Centerline and Right profile results respectively. Notable TKE results are also 
shown below in Figure 117–Figure 120 with no offset applied as before. Finally, Contour plots at 
the same locations from Case 2 are shown in Figure 121–Figure 127. 
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10.4.1 Centerline Velocity Profile Results 
 
Figure 110: Case 3 Centerline profile numerical u velocity at 2.5D location (original and linear offset 
numerical results) 
 
 
Figure 111: Case 3 Centerline profile numerical u velocity at −0.583D location (original and linear offset 
numerical results) 
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Figure 112: Case 3 Centerline profile numerical u velocity at −1.25D location (original and linear offset 
numerical results) 
 
 
Figure 113: Case 3 Centerline profile numerical u velocity at −3.75D location (original and linear offset 
numerical results) 
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10.4.2 Right Velocity Profile Results 
 
Figure 114: Case 3 Right profile numerical u velocity at 2.5D location (original and linear offset numerical 
results) 
 
 
Figure 115: Case 3 Right profile numerical u velocity at −1.25D location (original and linear offset 
numerical results) 
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Figure 116: Case 3 Right profile numerical u velocity at −3.75D location (original and linear offset 
numerical results) 
 
10.4.3 TKE Results 
 
Figure 117: Case 3 Centerline profile numerical TKE at −0.583D location (original numerical results) 
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Figure 118: Case 3 Centerline profile numerical TKE at −1.25D location (original numerical results) 
 
 
Figure 119: Case 3 Right profile numerical TKE at −1.25D location (original numerical results) 
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Figure 120: Case 3 Right profile numerical TKE at −6.25D location (original numerical results) 
 
10.4.4 Contour Plots 
 
Figure 121: Case 3 u velocity contour plot at 1.36 in. height 
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Figure 122: Case 3 u velocity contour plot at 2.5 in. height 
 
 
Figure 123: Case 3 u velocity contour plot at 3.5 in. height 
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Figure 124: Case 3 u velocity contour plot at 4 in. height 
 
 
Figure 125: Case 3 u velocity contour plot at 4.5 in. height 
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Figure 126: Case 3 u velocity contour plot at Centerline profile location 
 
 
Figure 127: Case 3 u velocity contour plot at Right profile location 
 
10.4.5 Case 3 Discussion  
With the larger model spacing, the numerical and experimental results match up more 
closely for Case 3 as compared to Case 2. The numerical offset technique is showing good 
agreement with the corrected experimental data. It is worth noting that the experimental data 
varies significantly at the −1.25D location on the Centerline profile (Figure 112). A third 
experiment was run for this location, but no time independent trend is noticeable. The contour 
plots show the wakes are more symmetrical and interact with each other less as compared to 
the 0.35 in. spacing case. This creates a more predictable, steady-state result. Additionally, the 
flow speed-up between the models is larger than with the 0.35 in. spacing.  
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10.5 Case 4 Water Channel Numerical Results 
The Case 4 results are shown below in Figure 128–Figure 134 with the rest of the Right, 
Right-Center, Centerline, and Left velocity profile results found in Appendices 9A, 9B, 9C, and 
9D, respectively. A selection of TKE results from the most turbulent regions of the Right-Center 
and Left profiles, along with one of the Centerline profiles that had very different experiment 1 
and 2 results are also shown below in Figure 135–Figure 137.   
10.5.1 Right Velocity Profile Results 
 
Figure 128: Case 4 Right profile numerical u velocity at 1.54D location (original and linear offset numerical 
results) 
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10.5.2 Right-Center Velocity Profile Results 
 
Figure 129: Case 4 Right-Center profile numerical u velocity at −1.25D location (original and linear offset 
numerical results) 
 
 
Figure 130: Case 4 Right-Center profile numerical u velocity at −3.75D location (original and linear offset 
numerical results) 
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10.5.3 Centerline Velocity Profile Results 
 
Figure 131: Case 4 Centerline profile numerical u velocity at −3.75D location (original and linear offset 
numerical results) 
 
 
Figure 132: Case 4 Centerline profile numerical u velocity at −5.0D location (original and linear offset 
numerical results) 
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10.5.4 Left Velocity Profile Results 
 
Figure 133: Case 4 Left profile numerical u velocity at −1.54D location (original and linear offset numerical 
results) 
 
 
Figure 134: Case 4 Left profile numerical u velocity at −6.25D location (original and linear offset numerical 
results) 
114 
 
10.5.5 TKE Results 
 
Figure 135: Case 4 Right-Center profile numerical TKE at −1.25D location (original numerical results) 
 
 
Figure 136: Case 4 Centerline profile numerical TKE at −3.75D location (original numerical results) 
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Figure 137: Case 4 Left profile numerical TKE at −1.54D location (original numerical results) 
 
10.5.6 Contour Plots 
Velocity contour plots of the flow field on the xz-plane are shown below at the same five 
heights as previously. Velocity contours on the xy-plane corresponding to the experimental 
locations are also shown below in Figure 143–Figure 146.  
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Figure 138: Case 4 u velocity contour plot on xz-plane at 1.36 in. height 
 
 
Figure 139: Case 4 u velocity contour plot on xz-plane at 2.5 in. height 
 
117 
 
 
Figure 140: Case 4 u velocity contour plot on xz-plane at 3.5 in. height 
 
 
Figure 141: Case 4 u velocity contour plot on xz-plane at 4 in. height 
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Figure 142: Case 4 u velocity contour plot on xz-plane at 4.5 in. height 
 
 
 
Figure 143: Case 4 u velocity contour on xy-plane at Left profile location 
 
119 
 
 
Figure 144: Case 4 u velocity contour on xy-plane at Centerline profile location 
 
 
Figure 145: Case 4 u velocity contour on xy-plane at Right-Center profile location 
 
 
Figure 146: Case 4 u velocity contour on xy-plane at Right profile location 
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10.5.7 Volume Renders 
For the u velocity volume renders, as before, velocities over 0.2 m/s (0.656 ft/s) were 
taken out with TKE values below 2×10-3 m2/s2 taken out for the TKE volume render.      
 
Figure 147: Case 4 u velocity volume render downstream ISO view 
 
 
Figure 148: Case 4 u velocity volume render upstream ISO view 
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Figure 149: Case 4 TKE volume render downstream ISO view 
 
 
10.5.8 Case 4 Discussion 
With Case 4 being the most complex setup with 3 models, there is a lot more turbulence 
in the problem due to the large wake region leading to more instability. There are some overall 
trends that are not picked up well by the numerical model. Figure 130 shows a much steeper 
velocity gradient in the numerical as compared to the experimental. This appears more subtly in 
other locations as well. The SST model looks to be predicting a wake region that is less tall, but 
stronger with a steeper gradient. It seems to be predicting the location of the wake correct, but 
not the transition between the wake and the freestream. A similar result that occurs at the 
−1.25D location for Case 1 especially (Figure 51). That being said, looking at the contour plots 
(Figure 138–Figure 142), it can be seen that the two best speed-up regions are the two 
outermost sides of the left and right models. It is interesting that the left model is showing the 
best speed-up region both in terms of velocity and size. This leads to the theory that the grain 
bin that is furthest upwind in the group will have the best speed-up region.         
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Chapter 11: Speed-up Region VAWT Placement 
While there are many assumptions, errors, and simplifications made in this thesis, the 
data collected does produce results that can be used to give initial placement considerations. 
The future steps outlined in Chapter 10 will need to be completed before these placement 
recommendations are fully validated.  The first step is to calculate VAWT sizing and how close it 
can be placed to the grain bin. Using the length scale of 1 in. = 9 ft and the VAWT from Table 1, 
the model VAWT has a diameter of 1.176 in. and a turbine-only height of 1.494 in. With the ribs 
on the model extruding 0.06 in., the closest the center of the VAWT can get to the grain bin 
model without touching is 0.684 in or 0.582VD (VAWT Diameters) 
11.1 Case 1 
For the case of a single grain bin, the flow field results from a single wind direction can 
be used to give a very good estimation of VAWT placement given the ± 30° wind direction range. 
Since the grain bin is round, the flow field won’t change with changing wind direction, it will only 
rotate. This rotation can be simulated by vertical slices of the flow while rotating 60° through 
the center of the model. Slices were taken at 5° increments. Rotation through 90° was done so 
the best 60° spread can be chosen. The vertical slices start at 45° in the positive x-direction and 
end at −45°. The u velocity contours were created on each slice with the setup shown below in 
Figure 150.  
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Figure 150: VAWT placement setup 
 
As discussed earlier, while the changes between the original and re-tuned models for 
Case 1 are small, they do exist. Both the original and re-tuned models were looked at. Shown 
below are the 45°, 0° and −45° slices for both models. The contour plots from Section 10.1.4 
already show the speed-up regions start in the same location. Combining that information with 
Figure 151–Figure 156, it can be seen the vertical location of the speed-up region is similar 
between the two. The main change is that the wake is slightly wider on the re-tuned model 
shown in Figure 156, the shape of the speed-up region is still similar, just pushed out and down 
further.   
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Figure 151: Case 1 u velocity contour plot at 45 degrees (Original) 
 
 
Figure 152: Case 1 u velocity contour plot at 45 degrees (re-tuned) 
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Figure 153: Case 1 u velocity contour plot at 0 degrees (Original) 
 
 
Figure 154: Case 1 u velocity contour plot at 0 degrees (re-tuned) 
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Figure 155: Case 1 u velocity contour plot at −45 degrees (Original) 
 
 
Figure 156: Case 1 u velocity contour plot at −45 degrees (re-tuned) 
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After this comparison, the contour plots on the original model were used with the 
0.2518 ft/s offset applied since this was proven to be more accurate than the re-tuned model. 
The best 60° spread is 25° through −35°. Looking at the contour plots and taking the highest 
velocity average over the slices, a location can be chosen. While there is a good speed-up region 
right next to the grain bin below the roof eve, it is too close for a medium-sized VAWT and is too 
small to work effectively through the 60° needed. Therefore, the VAWT will be placed in the 
speed-up region that occurs at the height of the eve. To determine the spacing from the grain 
bin, the VAWT size was overlaid on the −35° contour plot for the re-tuned model and was 
adjusted until the edge of the turbine was outside the wake region as shown below in Figure 
157. From this, the distance of 2.678 in. from the center of the grain bin was found.  
The last location to determine is the height of the VAWT. The higher the VAWT is placed 
the faster the velocity. This does not help with placing the VAWT however since as the VAWT 
goes higher the higher the installation costs. Realistically, it is better to find the location that still 
has good velocity speed-up but is as low to the ground as possible. The VAWT height was 
checked through all angles at the 2.678 in. from model center location. Figure 158 shows the 
setup of the test with each line length being the size of the turbine. The final height is 3.7 in. to 
the bottom of the turbine which results in a total height of 5.194 in.  
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Figure 157: Case 1 u velocity contour plot at −35 degrees with VAWT 
 
 
Figure 158: Case 1 VAWT vertical location placement setup 
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For each line, the velocity profile was found. The 0.2518 ft/s velocity offset was applied 
since the velocities were pulled from the original Case 1 simulation. Figure 159 shows the 
profiles at the VAWT location as well as the numerical Centerline profile at 2.5D. The average 
velocity throughout the height of the turbine (3.7 in.–5.2 in.) is calculated to be 1.39 ft/s.   
The average velocity of the Centerline profile calculated throughout the height of the 
turbine at 2.5D is found to be 1.28 ft/s. This equates to a speed-up factor of 1.09. Converting 
these results to full-scale, the VAWT would be placed 10.6 ft from the wall of the grain bin, at a 
−5° offset, and have a total height of 46.75 ft. This equates to a pole height of 33.3 ft and a hub 
height of 40 ft. Using the full-scale velocity profile from Figure 164, a freestream flow of 
17.14 ft/s for the height of 40 ft was found. The speed-up factor of 1.09 would equate to 
18.68 ft/s at the VAWT location. The reader is referred to Section 11.4 for the economic impact 
of this change.     
 
Figure 159: Case 1 VAWT placement u velocity profiles 
. 
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It is important to note that this speed-up was calculated from a numerical simulation 
with walls in the vicinity. A full-scale numerical simulation will have to be run and validated in 
order to prove the speed-up shown here matches the real-world environment.  
11.2 Cases 2–4 
The same approach used in case 1 does not work in the rest of the cases because there 
are two or more models in the flow. As the wind direction changes, the model that is upwind 
will cause the flow to change for the downwind model. When zy-plane contour plots are taken 
through the center of the models normal to the −x-direction, it becomes clear that the channel 
walls are having an influence on the shape of the flow speed-up region as shown below. Another 
influencer may be the blockage ratio. More research on these effects must be conducted.  
 
Figure 160: Case 1 u velocity contour plot on zy-plane through model center normal to −x axis 
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Figure 161: 0.35 in. spacing u velocity contour plot on zy-plane through model center normal to −x axis 
 
 
Figure 162: Case 3 u velocity contour plot on zy-plane through model center normal to −x axis 
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Figure 163: Case 4 u velocity contour plot on zy-plane through left model center normal to −x axis 
 
 
With this result, some conclusions can still be made. It was discussed that Case 2 likely 
has an asymmetric flow field with one of the wakes being larger than the other. The wake is 
becoming large enough that the flow speed-up region between the grain bins is concluded to be 
unusable to VAWTs. Therefore, the same speed-up region as described for Case 1 is the only 
option for closely placed grain bins, specifically 5 ft and closer.   
For Case 3 when the models are farther apart, the speed-up region between them looks 
to have more potential. However, this region will only work for VAWT placement if the wind 
direction is exactly, or very close to parallel with the gap. This is an unrealistic condition and the 
region between the bins must be eliminated for Case 3 as well. This again means a similar 
placement strategy as used in Cases 1 and 2.  
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Looking at Case 4, the models are placed close enough together to eliminate the speed-
up locations between the models. The left model has the higher flow speed velocity as 
compared to the right model and would be the recommended choice. In addition to the theory 
that the farthest upwind grain bin as the best speed-up as mentioned previously, another 
possible trend is that the side of the grain bin opposite other bins or obstacles has the highest 
velocity as well.   
In conclusion, because the speed-up region location is the same for Cases 2–4, the same 
location point can be used, assuming the wall effects seen do not exist in the real world. This 
means a similar speed-up coefficient will most likely be seen for all 4 cases. The full-scale 
research will help validate these theories and the speed-up factor of 1.09 calculated in this 
thesis.    
11.3 Economics of Original VAWT Placement 
Using the data collected by VAWT manufacturers along with the RETScreen software, 
the annual cost and Return on Investment (ROI) time were solved for. The original case setup 
assumes the VAWT is in the freestream flow with no obstacles around. Using the same location 
of Fairmont, MN and a wind map for Minnesota at a height of 30 m (98.4 ft), an atmospheric 
boundary layer (ABL) velocity profile was created [58]. Data from the wind map showed a yearly 
average of 19.65 ft/s [58]. Using the software RETScreen, which has a database of velocity data 
at airport locations, Fairmont, MN had a yearly average of 17.06 ft/s at a height of 33 ft [10]. 
These points were interpolated using two different models. The first model was the Log-Law 
model [59]. This model can be used by assuming that the atmospheric boundary layer is 
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neutrally stratified. This has been found to be true below 30 ft, which covers most of the grain 
bin height [59].  
𝑢(𝑦) =  
𝑢∗
𝑘
𝑙𝑛 (
𝑦
𝑧0
)     (17) 
An assumption of rural terrain was made which gives a k of 4. A 𝑧0 of 0.65 was used [60]. The 
parameter 𝑢∗ had to be solved for using equation with a result of 15.69 ft/s as shown below.  
𝑢∗ =  
(𝑢2−𝑢1)(𝑘)
𝑙𝑛 (
𝑦2
𝑦1
)
     (18) 
The second model, called Deaves and Harris model, takes a similar approach to the log-law 
model, includes the ℎ term with a value of 8728 ft, along with higher order terms which is 
supposed to lead to increased accuracy [60].  
𝑢 =  
𝑢∗
𝑘
[𝑙𝑛 (
𝑦
𝑧0
) + 5.75(
𝑦
ℎ
) − 1.88 (
𝑦
ℎ
)
2
− 1.33 (
𝑦
ℎ
)
3
+ 0.25 (
𝑦
ℎ
)
4
]  (19) 
Figure 164 shows a graph of the two models. The results are very similar and the Deaves and 
Harris model was used for the inlet UDF as it is assumed to be more accurate, but either model 
would be sufficient.  
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Figure 164: Full-scale u velocity ABL model using Fairmont, MN airport data 
 
Using an installed turbine height of 40 ft, which is the height to the center of the turbine, Figure 
164 gives a velocity of 17.14 ft/s. The following data was used within RETScreen:      
 $0.10 per kWh Electricity cost 
 $5,000 per kW initial cost 
 $70 per kW O&M cost 
 0.15 wind shear exponent 
 2% airfoil losses 
 3% miscellaneous losses 
 96% availability 
 
The VAWT profile used is taken from Table 1 with the power curve estimate inputted into 
RETScreen shown below in Table 33. A typical VAWT power curve follows an s-curve shape, also 
known as a sigmoid function, which covers the full range of the VAWT capabilities from cut-in to 
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cut-out. Since only averages are being dealt with, only the first half of the curve is needed since 
no wind averages are above 34 ft/s. The curve used is based on the power curve for a 7.5 kW 
Helical VAWT [61].  
Inputting this information, the initial installation cost was found to be $30,100 with an 
O&M cost of $301 annually. Currently, there is a federal personal tax credit of 22%–26% good 
through 2021. This can be applied to the labor cost, original installation, and wiring to the 
house. Assuming a 24% credit, this would give $7,224 back on the installation bringing the initial 
cost down to $22,876. The electricity produced came out to 15,965 kWh annually which equates 
to $1,596 annually.  
Table 33: Reference VAWT power curve 
Wind speed (ft/s) 10 14 18 22 26 30 34 
Power (kW) 1.75 2.0 2.3 2.7 3.2 3.7 4.3 
 
Assuming a 25-year lifespan of the turbine with an electricity escalation rate of 2% per 
year, the ROI can be calculated. A 36-month loan was used. A consumer loan annual interest 
rate of 11% was used and the current decade average inflation rate of 1.8% [62]. This results in 
an ROI of 17.7 years with a net revenue of $14,918 at the end of the turbine life.  
11.4 Economics of Optimized VAWT Placement 
Using the placement results with a speed-up factor of 1.09, the velocity of 18.68 ft/s 
was used. The economic difference of the increased average velocity can be calculated using 
RETScreen. Using the same input parameters as before except for the velocity, the electricity 
produced annually is 16,648 kWh which is $1,665 a year. Assuming the same 25-year lifespan, 
the ROI is 16.8 years with a $17,152 net revenue at the end of its life. This is an increase of 
$2,234 or 14.97%.   
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Chapter 12: Wake Region VAWT Placement 
As mentioned in the Case 1 discussion (Section 10.1.6), after correcting the 
experimental data, the SST turbulence model does not capture the new wake region behind the 
model in Case 1 as correctly at other turbulence models do. Figure 78 shows the original and re-
tuned SST results with the original RS-ω and k-ω turbulence models overlaid on the fixed 
experimental data. Looking at these results, the k-ω and RS-ω turbulence models do a better job 
at modeling the wake region. Since the wake region needs to be modeled accurately when 
looking at placing VAWTs behind grain bins, a new simulation was setup using the k-ω 
turbulence model.  
The goal of this test was to find a relationship between the height of the grain bin and 
the distance behind the grain bin a VAWT should be placed. To accomplish this, three different 
model heights were researched, and the corresponding wake region was recorded. When 
placing VAWTs behind the grain bin, both the velocity and the TKE must be looked at with the 
optimized placement being the same criteria used before, highest velocity with the lowest TKE.   
The model sizing was chosen based on the small, medium, and large, full-scale grain bins 
discussed in Chapter 2. To avoid running additional experiments to validate this test, the same 
diameter of 3 in. was used. Since the limiting dimension in the water channel is the width, 
keeping the same model diameter means the flow field remains unchanged in the zy-plane. 
With this restriction, the heights of the models were chosen based on the aspect ratio of full-
scale grain bins. However, because the diameter doesn’t change, the aspect ratios for the 
models tested are the inverse of the full-scale grain bins. This means the large model has the 
aspect ratio of the small full-scale grain bin. Table 34 shows the model sizes. It is important to 
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note that the medium grain bin model is the same size as before, but because a different 
turbulence model was used for this test, it had to be rerun so a comparison could be made.     
Table 34: Model sizing for wake vs. height test 
Model size Diameter (in.) Height (in.) Aspect Ratio 
Small 3 3.18 1.06 
Medium 3 5 1.66 
Large 3 7.8 2.6 
 
12.1 Numerical Results      
 As mentioned previously, the SST k-ω model with production limiter was used with the 
same mesh setup as before (Table 5). Velocity and TKE profiles on the Centerline location used 
in Case 1 were compiled. The same x locations as Case 1 were used with the profiles extended to 
−15D and additional profiles at −1.67D and −2.09D. The numerical results for each model height 
are shown below with the Centerline u velocity contour plots and corresponding profile 
locations shown in Figure 172 – Figure 174. It is clear that the shorter the model the shorter the 
wake distance with the small, medium, and large models having wakes of 10D, 12.5D, and 18D, 
respectively. The corresponding VAWT placement is discussed below.   
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Figure 165: Case 1 Centerline u velocity profiles of 3.18 in. model 
 
 
Figure 166: Case 1 Centerline u velocity profiles of 5 in. model 
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Figure 167: Case 1 Centerline u velocity profiles of 5 in. model (profiles −3.75D through −15D) 
 
 
Figure 168: Case 1 Centerline u velocity profiles of 7.8 in. model 
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Figure 169: Case 1 Centerline TKE profiles of 3.18 in. model 
 
 
Figure 170: Case 1 Centerline TKE profiles of 5 in. model 
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Figure 171: Case 1 Centerline TKE profiles of 7.8 in. model 
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Figure 172: Case 1 Centerline u velocity contour plot at 3.18in. model height 
 
 
 
Figure 173: Case 1 Centerline u velocity contour plot at 5in. model height  
  
 
Figure 174: Case 1 Centerline u velocity contour plot at 7.8in. model height  
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Looking at the numerical results of the three model heights, the import difference 
between the flow fields is the vortex shedding happening for the 5 in. and 7.8 in. model heights. 
The 7.8 in. model has more noticeable vortices and can be seen in Figure 168. The velocity 
profiles return to freestream and then depart from freestream as the distance behind the model 
increases.    
After the data was compiled, a graph of VAWT pole height and distance from grain bin 
could be made. The graph shown below was made based on the taller of the two heights 
required to keep the VAWT in a constant velocity and TKE contour band. This means the lines 
shown are constant VAWT performance lines. When the VAWT ends up outside the wake 
region, the graph will flat line. This means the VAWT performance would be the same if placed 
in obstacle-free freestream flow. Due to the vortices in the flow for the 7.8 in. model as 
mentioned previously, the minimum height was kept above that region. Even though the 
simulation was run in steady-state, it is assumed that the faster freestream flow higher up 
would help to break up the vortices and keeping the minimum VAWT height above the vortices 
seen in these results is a good starting point. Transient simulations should be run for the 7.8 in. 
model to get a more accurate location of the vortices.      
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Figure 175: Distance behind center of grain bin vs. minimum pole height for three model heights 
 
 From Figure 175 it is hard to find any good trends in the data. The only noticeable trend 
is that there is a transition point between the 1.67D and 1.06D models where the grain bin is 
short enough that the flow doesn’t get pulled down by the wake. This leads to a much slower 
transition back to the freestream profile even though the overall wake region is not as long.   
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Chapter 13: Final Conclusions and Recommendations  
This thesis has looked at the flow fields around four different grain bin setups with some 
expected and unexpected results. Case 1 showed good flow speed-up past the grain bin with the 
location for best VAWT placement being above the eve of the grain bin. Case 2 resulted in the 
0.35 in. spacing case to be run which helped to develop the theory that a highly asymmetric flow 
is being seen in the experimental results for Case 2. Case 3 showed the expected flow field 
results with good flow speed-up between the models and a relatively symmetric flow. Case 4 
had more skewed speed-up regions between the models which was not expected, it also led to 
the theory that the grain bin farthest upwind has the best speed-up region. Finally, the model 
height test showed an increase in the transition gradient of the wake region back to freestream 
as the models get taller.  
 Even through Cases 2–4 had different model layouts resulting in different flow fields, 
based on the results from this thesis, the placement of the VAWTs in these cases is the same as 
was calculated for Case 1. Until further research is done, and the placement recommendations 
made in this thesis can be validated or disproved, the calculated VAWT placement based on 
Case 1, along with the theories mentioned, should be used to place VAWTS near grain bins. 
However, it is important to note that until validation is complete, these recommendations are 
only the initial steps to better optimizing VAWTS for placement near grain bins.       
13.1 General VAWT Placement Guidelines 
Given the VAWT from Table 1, in combination with the conclusions made for the 
placement in the speed-up region, an equation for minimum pole height with respect to grain 
bin height at the 5° downstream angle and 0.893 D from grain bin center is shown below: 
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ℎ𝑝𝑜𝑙𝑒 =  ℎ𝑏𝑖𝑛  − 11.7 𝑓𝑡    (20) 
 
Based on the results from Figure 175, general guidelines for the wake region are only 
able to be made for a grain bin height between 1.67D and 2.6D. This means only a linear trend 
can be created. More research must be done to either validate or disprove the linear trend 
found in this thesis. Shown below is a chart for VAWT pole height verses grain bin height for 
each location. After 8.75D behind the grain bin the relationship is the same.   
 
Figure 176: Minimum pole height vs. grain bin height at locations behind the grain bin for Case 1 setup 
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Chapter 14: Future Numerical Steps 
To more accurately place VAWTS and to work with varying wind directions, a full-scale 
numerical simulation must be created. This process has already been started with the setup and 
final recommended settings for the full-scale version of Case 1 discussed in the following 
sections.   
14.1 Full-Scale Geometry setup 
Originally a large cylinder was created with the intent of using the velocity far field 
boundary condition in fluent. This would have allowed any flow direction while keeping the 
same geometry setup. This turned out to not work and the same boundary conditions of velocity 
inlet and pressure outlet must be used. The inlet was still made circular to allow for the 60° 
freestream flow range, without changing geometry (Figure 165) [38]. Design Modeler has a size 
limitation of 1 km, so the final geometry was made as large as possible within this size limitation 
resulting in a length and width of 3200 ft with a height of 1000 ft.   
It is important to note that the only non-slip wall boundary condition is the bottom 
surface that the models sit on. The front and side faces are all inlet with the rear being outlet. 
Using the results from the previous top boundary condition study, a zero-shear wall boundary 
condition was used on top.  
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Figure 177: Full-scale numerical geometry setup 
 
14.2 Full-Scale Mesh Setup 
The general setup was repeated from the water channel mesh setup. An unstructured 
tetrahedral mesh with a cylindrical refinement region 540 ft diameter and 100 ft high around 
the model was created and then converted to polyhedron. The near wall boundary height for 
y+ = 1 was calculated using Equations 3–6 and the Reynolds number from Chapter 3, a result of 
7.3411 × 10-5 m was found. It was important to keep a high number of boundary layers, so the 
first layer height was increased slightly to 0.0001 m to keep an efficient mesh. Table 35 shows 
the mesh statistics used. 
Table 35: Full-scale final mesh statistics 
Element type Growth rate First layer height Boundary layers Number of elements 
polyhedron 1.1 0.0001 m 22 108 million 
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Figure 166–Figure 168 show the full-scale mesh. Boundary layers were not used on the bottom 
surface since there is a UDF determining the flow profile and it is not an area of interest. This 
allowed more elements to be put into the refinement region which is of greater importance.   
 
Figure 178: Full-scale bottom surface and centerline xy-plane mesh 
 
 
Figure 179: Full-scale grain bin surface mesh 
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Figure 180: Full-scale boundary layer mesh on roof edge 
14.3 Full-Scale Inlet UDF  
A UDF was needed to recreate the Atmospheric Boundary Layer (ABL) that exists in the 
real world. The Deaves and Harris model was used as before in the VAWT economic study. The 
same location of Fairmont, MN and therefore the same equation (19) was used.   
14.4 Full-Scale Mesh Parameter Test 
Three different meshes of Case 1 were tested. The meshes were tested using the 
realizable k-ε turbulence model with the non-equilibrium wall function option. Figure 170–
Figure 171 show some of the results of the test. Mesh 1 was a coarse mesh with only 20 million 
polyhedral cells. It is important to note that mesh 1 had turbulent viscosity issues while solving, 
while it does look like a good option, it is not considered a high-quality solution. The 2nd mesh 
had 80 million cells and follows mesh 3 closely at the −1.25D location (Figure 170) but is very 
different from mesh 3 at the other locations. Mesh 3 is the final mesh setup from Table 35. 
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Mesh 3 was chosen because using it in conjunction with the RS-BSL turbulence model makes for 
the most accurate combination, even though for this test it is not the most accurate at every 
location. Comparing the mesh parameter test with the turbulence model test discussed in 
Section 14.5, the correct combination of mesh refinement and turbulence model must be 
chosen for chosen for the most accurate solution.  
It was previously discussed that, because of the difference in the Reynolds numbers, 
exact comparison between the water channel-based research and full-scale is not technically 
possible. However, the trends can be compared. The results from the water channel and full-
scale simulations were each nondimensionalized with their respective length scale and average 
freestream velocity at the 2.5D location. It is important to note that this form of non-
dimensionalization does not consider the fact that different fluids were used in the two 
simulations. Shown below are the non-dimensional results.  
 
Figure 181: Full-scale Centerline u velocity mesh parameter test at 2.5D location 
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Figure 182: Full-scale Centerline u velocity mesh parameter test at −1.25D location 
 
 
Figure 183: Full-scale Centerline u velocity mesh parameter test at −3.75D location 
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14.5 Full-Scale Turbulence Model Test  
As with the numerical water channel setup, the impact of different turbulence models 
for the full-scale setup was looked at. Because of the different boundary condition setup, the ω-
based models had severe turbulent viscosity issues and were not looked at. Two different forms 
of the two-equation k-ε model were used. The first being k-ε with non-equilibrium wall 
functions, which was used for the mesh test. The second being k-ε with enhanced wall 
treatment, denoted as “KE 2” in this test. The RS-BSL model was also used as it is a ε-based 
model as well. The mesh 3 setup was used for this test with some of the results shown below in 
Figure 172–Figure 176. The RS-BSL turbulence model was chosen as it aligns better with the 
trends found in the experimental results, however for a quicker solution the k-ε model with 
enhanced wall treatment also has good accuracy. 
 
Figure 184: Full-scale Centerline u velocity turbulence model test at 2.5D location 
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Figure 185: Full-scale Centerline u velocity turbulence model test at −1.25D location 
 
 
Figure 186: Full-scale Centerline u velocity turbulence model test at −3.75D location 
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Figure 187: Full-scale Side u velocity turbulence model test at 0.0D location 
 
 
Figure 188: Full-scale Side u velocity turbulence model test at −1.0D location 
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14.6 Initial Case 1 Results 
The results shown below were using the mesh 3 setup with the RS-BSL 
turbulence model. The numerical accuracies for the Side and Centerline profiles as 
compared to the water channel data are shown below in Table 36. From Figure 177 the 
flow coming over the top of the grain bin takes 300 ft (11.1D) to drop down completely and 
return to freestream flow. The flow coming around the grain bin creates vortices that come out 
to the side as shown below in Figure 178. These impact the flow up to 660 ft (24.4D) 
downstream but are lower to the ground than what the recommended VAWT placement height 
of 40 ft is. The main wake of the grain bin extends 100 ft (3.7D) downstream.   
Table 36: Case 1 Full-scale numerical accuracy compared to water channel experimental data 
Error 
Full-Scale 
Side Profile 
Full-Scale Centerline 
Profile 
Absolute PE 3% 34% 
Non-Absolute PE 1% 22% 
AE 3% 16% 
 
 
 
Figure 189: Case 1 full-scale Centerline profile streamlines 
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Figure 190: Case 1 full-scale Centerline profile streamlines upstream view 
 
 
Figure 191: Case 1 full-scale Centerline profile TKE contour plot (yellow lines indicate height and size of 
VAWT) 
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From Figure 179 it can be seen that the turbulence cause by the grain bin has is at 50% 
strength after 100 ft (3.7D), 25% strength after 160 ft (5.9D) and down to 7% strength by 
370 ft (13.7D). The lines in Figure 179 represent the VAWT at the 40 ft hub height recommended 
in this thesis. The turbulence at the VAWT height is mostly reduced to freestream by the 2nd line 
which is location at 2.5D behind the center of the grain bin. Shown below in Figure 180 is the 
wake region for the grain bin. This is the expected result and is nearly identical to the wake 
region for a cylinder in the flow.      
 
Figure 192: Case 1 full-scale u velocity contour plot at 40ft height (full domain) 
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Figure 193: Case 1 full-scale u velocity contour plot at 40 ft height 
 
 
Figure 194: Case 1 u velocity contour plot at 4.5 in. height (40.5 ft full-scale) (re-tuned) 
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Comparing the contour plots in Figure 180–Figure 182, the flow region is very different 
between the water channel and the full-scale simulations. It is expected that the full-scale 
simulation is more accurate to the real world as it makes fewer assumptions. It has already been 
discussed that the wake region for the SST-based water channel simulation is not accurate. 
Compared to the water channel experimental results, the full-scale simulation has a lower error. 
The speed-up regions follow similar trends with the main difference being that the full-scale 
simulation has a higher velocity gradient in the speed up region. This means that while the 
global maximum speed-up factor looks to be the same, the region further away where the 
VAWT would be placed does not have as high of a speed-up factor because the velocity 
decreases faster.  
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Figure 195: Case 1 full-scale u velocity contour plot on zy-plane through model center normal to −x axis 
 
 
Figure 196: Case 1 u velocity contour plot on zy-plane through model center normal to −x axis 
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Comparing the full-scale with the water channel, it looks look the speed-up region past 
the grain bin is more pronounced in the water channel than it is for the full-scale. Even though 
the blockage ratio is only 12.5%, it looks like the walls may still be influencing the speed-up 
region. Another possibility is the Reynolds number difference with the flows. After comparing 
these results, it is theorized that the 1.09 speed-up factor calculated for the water channel may 
be an over estimate for the real world.    
14.7 Additional Full-Scale Runs 
The same four cases would be used. As previously mentioned, an average wind direction 
typically has a ± 30° spread associated with it. This was not able to be accounted for in Cases 2–4 
in this thesis but needs to be modeled to get a more improved VAWT placement. For each case, 
runs at 10° flow direction increments should be done. This equates to seven runs per case or 21 
total runs to complete the numerical work. For each run, record zx and xy contour plots to get 
the best horizontal and vertical placement locations respectively. The location with the highest 
average velocity while staying out of the wake region should be chosen for the final VAWT 
placement.      
14.8 Other Applications of the Full-Scale Simulation 
 The developed full-scale simulation can be used for any real-world building layouts. 
Current, the NIDEC engineering location in North Mankato, MN is being looked at for VAWT 
placement optimization. Shown below is the surface mesh setup for the NIDEC facility and 
surrounding buildings.   
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Figure 197: Mesh setup of the NIDEC facility and surrounding buildings 
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Chapter 15: Experimental Future Steps 
As previously mentioned, the Reynolds numbers between this research and a full-scale 
setup do not match. This means the experiments presented in this thesis cannot be used to 
validate any full-scale numerical setup. Full-scale experiments will have to be performed in 
order to validate the full-scale numerical setup previously discussed. These experiments could 
be carried using a similar procedure outlined in this thesis, taking wind speed and direction at 
various heights and averaging over time. 
15.1 Water Channel Experiments   
 After finding the error in the height location of the experiments. The amount of the flow 
field that was covered vertically (y axis) ended up being very small. The experiments run in this 
thesis should be re-run with y axis data collection extended higher. This is especially important 
since the final placement of the VAWT is mostly above the eve of the model. Collecting 
experimental data in the region above of the eve should be done to help validate the numerical 
models in that location.  
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Appendices 
Appendix 1: Water Channel Inlet Velocity Profile Raw Data 
Table 37: Raw data of graph in Figure 15 (velocity data in m/s) 
 X Profile location (in) 
Vertical 
height 
(in) 
14.3175 23.0625 31.8125 40.5625 49.3125 58.0625 66.8125 75.5625 84.3125 
3.3949 -0.349 -0.333 -0.346 -0.352 -0.375 -0.396 -0.405 -0.421 -0.429 
3.6449 -0.383 -0.353 -0.356 -0.367 -0.389 -0.415 -0.428 -0.438 -0.445 
3.8949 -0.395 -0.368 -0.374 -0.385 -0.402 -0.431 -0.440 -0.450 -0.455 
4.1449 -0.410 -0.387 -0.384 -0.397 -0.420 -0.438 -0.448 -0.460 -0.477 
4.3949 -0.417 -0.396 -0.405 -0.413 -0.429 -0.453 -0.460 -0.475 -0.489 
4.6449 -0.421 -0.397 -0.415 -0.426 -0.454 -0.464 -0.480 -0.489 -0.497 
4.8949 -0.421 -0.414 -0.436 -0.441 -0.458 -0.473 -0.491 -0.495 -0.512 
5.1449 -0.414 -0.424 -0.445 -0.459 -0.480 -0.489 -0.498 -0.511 -0.530 
5.3949 -0.415 -0.437 -0.463 -0.468 -0.485 -0.497 -0.517 -0.525 -0.531 
5.6449 -0.408 -0.450 -0.476 -0.490 -0.502 -0.512 -0.529 -0.526 N/A 
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Appendix 2: Water Channel Numerical Mesh Parameter Test  
 
Figure 198: Case 1 Centerline u velocity mesh test at −2.5D location (original numerical results) 
 
 
Figure 199: Case 1 Centerline u velocity mesh test at −3.75D location (original numerical results) 
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Figure 200: Case 1 Centerline u velocity mesh test at −5.0D location (original numerical results) 
 
 
Figure 201: Case 1 Centerline u velocity mesh test at −6.25D location (original numerical results) 
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Figure 202: Case 1 Side u velocity mesh test at 0.5D location (original numerical results) 
 
 
Figure 203: Case 1 Side u velocity mesh test at 0.0D location (original numerical results) 
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Figure 204: Case 1 Side u velocity mesh test at −0.5D location (original numerical results) 
 
 
Figure 205: Case 1 Side u velocity mesh test at −1.0D location (original numerical results) 
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Figure 206: Case 1 Side u velocity mesh test at −1.5D location (original numerical results) 
 
 
Figure 207: Case 1 Side u velocity mesh test at −2.0D location (original numerical results) 
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Appendix 3: Water Channel Numerical Turbulence Model Test  
 
Figure 208: Case 1 Centerline u velocity turbulence model test at −2.5D location (original numerical 
results) 
 
 
Figure 209: Case 1 Centerline u velocity turbulence model test at −3.75D location (original numerical 
results) 
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Figure 210: Case 1 Centerline u velocity turbulence model test at −5.0D location (original numerical 
results) 
 
 
Figure 211: Case 1 Centerline u velocity turbulence model test at −6.25D location (original numerical 
results) 
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Figure 212: Case 1 Side u velocity turbulence model test at 0.5D location (original numerical results) 
 
 
Figure 213: Case 1 Side u velocity turbulence model test at 0.0D location (original numerical results) 
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Figure 214: Case 1 Side u velocity turbulence model test at −0.5D location (original numerical results) 
 
 
Figure 215: Case 1 Side u velocity turbulence model test at −1.0D location (original numerical results) 
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Figure 216: Case 1 Side u velocity turbulence model test at −1.5D location (original numerical results) 
 
 
Figure 217: Case 1 Side u velocity turbulence model test at −2.0D location (original numerical results) 
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Appendix 4: MATLAB Code 
clear,clc 
%Jon Richter 
%Read files from vectrino and organize and find averages then write results 
%Filename setup: Centerline_-1.25D_4_20190419115721 
%Filename setup: Side_0.0D_1_20190419144426 
%Numers with D are x location or name of profile  
%The numers 4 and 1 are the y or vertical point point; 1 being the powest point 
%All centerline files in one folder to start with  
%All side profiles in one folder to start with 
%read all files in root folder 
%Edit file path to root folder where data is, make sure to end with \ 
RootFolderPath = 
'H:\Thesis\Experimentation\ExperimentationAdjusted\Case3\Experiment1\Right Profiles\'; 
myfiles = dir(RootFolderPath); 
filenames={myfiles(:).name}'; 
%Taking out only the .dat files 
datfiles=filenames(endsWith(filenames,'.dat')); 
%Make a cell array of strings containing the full file locations 
files=fullfile(datfiles); 
  
N = length(files); 
%Create folders-------------------------------------------------------------  
%Searches by underscore and file name length  
%Copies correct files into each folder 
for i = 1:N 
    str1 = datfiles(i); 
    CC = char(str1); 
    FileDir = strcat(RootFolderPath,CC); 
    newStr = extractAfter(str1,"_"); 
    LengthStr = strlength(newStr)-20; 
    newStr = extractBefore(newStr,LengthStr); 
    CharStr=char(newStr); 
    NewDir = strcat(RootFolderPath,CharStr); 
        if 1==isfolder(NewDir) 
            copyfile(FileDir,NewDir) 
             
        else 
            mkdir([RootFolderPath,sprintf('%s',CharStr)])  
            copyfile(FileDir,NewDir) 
        end 
end 
  
folders = dir(RootFolderPath); 
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 names    = {folders.name}; 
   % Get a logical vector that tells which is a directory. 
   dirFlags = [folders.isdir] & ~strcmp(names, '.') & ~strcmp(names, '..'); 
   % Extract only those that are directories. 
   %Create array of folders created 
   subDirs = names(dirFlags); 
   ChrSub = string(subDirs); 
M = length(subDirs); 
  
  
  
for j = 1:M 
        FileDir1 = strcat(RootFolderPath,subDirs(j),"\"); 
        FileDir11 = char(FileDir1); 
        myfiles1 = dir(FileDir11); 
        filenames1={myfiles1(:).name}'; 
        files1 = fullfile(filenames1); 
        files1 = files1(3:end); 
        newStr1 = extractBefore(files1,"_"); 
        %disp(ChrSub(j)) 
        if newStr1 == "Centerline" | newStr1 == "Right" | newStr1 =="Left"| newStr1 == 
"RightCenter" 
            %Actual vertical height measured at  
          h_height=[3.33:.3:5.73];  
            for jj = 1:length(h_height)  
                 File2 = strcat(FileDir1,files1(jj)); 
                mydata =importdata(File2); 
                [row,column]=size(mydata); 
                for c = 3:1:column 
                    mydata(row+1,c)=mean(mydata(:,c)); 
                    mydata(row+2,c)=std(mydata(1:row,c)); 
                    mydata(row+3,c)=rms(mydata(1:row,c)); 
                    mydata(row+4,c)=mean(((mean(mydata(:,c))-mydata(1:row,c))).^2); 
                  
                end 
           
%                 disp(mydata(row+4,3)) 
%                 disp(mydata(row+4,4)) 
%                 disp(mydata(row+4,5)) 
%                  
%                 %Spreadsheet written in folder created for each profile  
                filewrite =([FileDir11,sprintf('%s.xlsx',ChrSub(j))]);  
                tab = sprintf('%g',h_height(jj)); 
                xlswrite(filewrite,mydata,tab); 
                Summary(jj,1)= mydata(row+1,3); 
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                Summary(jj,2)= mydata(row+2,3); 
                Summary(jj,4)= mydata(row+3,3); 
                Summary(jj,5)= .5*(mydata(row+4,3)+mydata(row+4,4)+mydata(row+4,5)); 
                Summary(jj,6)= sqrt(mydata(row+4,3)+mydata(row+4,4)+mydata(row+4,5)); 
                Summary(jj,7)= mydata(row+1,15); 
                Summary(jj,8)= h_height(jj); 
            end 
           
          Summary_tab=sprintf('Summary %s',ChrSub(j)); 
          xlswrite(filewrite,Summary,Summary_tab) 
           
        elseif newStr1 =="Side" 
          h_height=[ 3.33:.2:4.13]; 
            for jj = 1:length(h_height)  
                File2 = strcat(FileDir1,files1(jj)); 
                mydata =importdata(File2); 
                [row,column]=size(mydata); 
                for c = 3:1:column 
                    mydata(row+1,c)=mean(mydata(:,c)); 
                    mydata(row+2,c)=std(mydata(1:row,c)); 
                    mydata(row+3,c)=rms(mydata(1:row,c)); 
                    mydata(row+4,c)=mean(((mean(mydata(:,c))-mydata(1:row,c))).^2); 
                    
                end 
  
                filewrite =([FileDir11,sprintf('%s.xlsx',ChrSub(j))]);  
                tab = sprintf('%g',h_height(jj)); 
                xlswrite(filewrite,mydata,tab); 
                Summary(jj,1)= mydata(row+1,3); 
                Summary(jj,2)= mydata(row+2,3); 
                Summary(jj,4)= mydata(row+3,3); 
                Summary(jj,5)= .5*(mydata(row+4,3)+mydata(row+4,4)+mydata(row+4,5)); 
                Summary(jj,6)= sqrt(mydata(row+4,3)+mydata(row+4,4)+mydata(row+4,5)); 
                Summary(jj,7)= mydata(row+1,15); 
                Summary(jj,8)=h_height(jj); 
            end 
             
           Summary_tab=sprintf('Summary %s',ChrSub(j)); 
           xlswrite(filewrite,Summary,Summary_tab) 
            
        end 
end 
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Appendix 5A: Case 1 Centerline Velocity Profile Numerical Results   
 
 
Figure 218: Case 1 Centerline u velocity at −2.5D location (original and re-tuned numerical results) 
 
 
Figure 219: Case 1 Centerline u velocity at −5.0D location (original and re-tuned numerical results) 
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Figure 220: Case 1 Centerline u velocity at −6.25D location (original and re-tuned numerical results) 
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Appendix 5B: Case 1 Side Profile Velocity Numerical Results  
 
 
Figure 221: Case 1 Side u velocity at −0.5D location (original, re-tuned, and linear offset numerical results) 
 
 
 
Figure 222: Case 1 Side u velocity at −1.5D location (original, re-tuned, and linear offset numerical results) 
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Figure 223: Case 1 Side u velocity at −2.0D location (original, re-tuned, and linear offset numerical results) 
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Appendix 6A: Case 2 Centerline Velocity Profile Numerical Results  
 
Figure 224: Case 2 Centerline u velocity at 0.583D location (original and linear offset numerical results) 
 
 
Figure 225: Case 2 Centerline u velocity at −2.5D location (original and linear offset numerical results) 
190 
 
 
Figure 226: Case 2 Centerline u velocity at −5.0D location (original and linear offset numerical results) 
 
 
Figure 227: Case 2 Centerline u velocity at −6.25D location (original and linear offset numerical results) 
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Appendix 6B Case 2 Right Velocity Profile Numerical Results 
 
 
Figure 228: Case 2 Right u velocity at −2.5D location (original and linear offset numerical results) 
 
 
Figure 229: Case 2 Right u velocity at −5.0D location (original and linear offset numerical results) 
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Figure 230: Case 2 Right u velocity at −6.25D location (original and linear offset numerical results) 
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Appendix 7: Case 2 and 0.35 in. Spacing Case Centerline Velocity Profile 
Numerical Results Comparison 
 
Figure 231: Case 2 and 0.35in simulation compare Centerline numerical u velocity at 0.583D location 
(original numerical results) 
 
 
Figure 232: Case 2 and 0.35in simulation compare Centerline numerical u velocity at −2.5D location 
(original numerical results) 
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Figure 233: Case 2 and 0.35in simulation compare centerline numerical u velocity at −3.75D location 
(original numerical results) 
 
 
Figure 234: Case 2 and 0.35in simulation compare centerline numerical u velocity at −5.0D location 
(original numerical results) 
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Figure 235: Case 2 and 0.35in simulation compare centerline numerical u velocity at −6.25D location 
(original numerical results) 
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Appendix 8A: Case 3 Centerline Velocity Profile Numerical Results 
 
Figure 236: Case 3 Centerline u velocity at 0.583D location (original and linear offset numerical results) 
 
 
Figure 237: Case 3 Centerline u velocity at −2.5D location (original and linear offset numerical results) 
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Figure 238: Case 3 Centerline u velocity at −5.0D location (original and linear offset numerical results) 
 
 
Figure 239: Case 3 Centerline u velocity at −6.25D location (original and linear offset numerical results) 
 
 
 
198 
 
Appendix 8B: Case 3 Right Velocity Profile Numerical Results 
 
 
Figure 240: Case 3 Right u velocity at −2.5D location (original and linear offset numerical results) 
 
 
Figure 241: Case 3 Right u velocity at −5.0D location (original and linear offset numerical results) 
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Figure 242: Case 3 Right u velocity at −6.25D location (original and linear offset numerical results) 
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Appendix 9A: Case 4 Right Velocity Profile Numerical Results 
 
Figure 243: Case 4 Right u velocity at 2.5D location (original and linear offset numerical results) 
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Appendix 9B: Case 4 Right-Center Velocity Profile Numerical Results 
 
Figure 244: Case 4 Right-Center u velocity at 2.5D location (original and linear offset numerical results) 
 
 
Figure 245: Case 4 Right-Center u velocity at −2.5D location (original and linear offset numerical results) 
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Appendix 9C: Case 4 Centerline Velocity Profile Numerical Results 
 
Figure 246: Case 4 Centerline u velocity at 2.5D location (original and linear offset numerical results) 
 
 
Figure 247: Case 4 Centerline u velocity at −1.54D location (original and linear offset numerical results) 
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Figure 248: Case 4 Centerline u velocity at −2.5D location (original and linear offset numerical results) 
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Appendix 9D: Case 4 Left Velocity Profile Numerical Results 
 
Figure 249: Case 4 Left u velocity at −2.5D location (original and linear offset numerical results) 
 
 
Figure 250: Case 4 Left u velocity at −3.75D location (original and linear offset numerical results) 
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Figure 251: Case 4 Left u velocity at −5.0D location (original and linear offset numerical results) 
 
 
 
 
 
 
 
 
